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FOREWORD 


The First Annual High-Speed Research (HSR) Workshop was hosted by NASA 
Langley Research Center and was held May 14-16, 1991, in Williamsburg, Virginia. 
The purpose of the workshop was to provide a national forum for the government, 
industry and university participants in the program to present and discuss important 
technology issues related to the development of a commercially viable, 
environmentally compatible U.S. High-Speed Civil Transport. The workshop sessions 
and this publication are organized around the major task elements in NASA’s Phase 
I - High-Speed Research Program which basically addresses the environmental issues 
of atmospheric emissions, community noise and sonic boom. 

The opening Plenary Session provided program overviews and summaries by senior 
management from NASA and industry. The remaining twelve technical sessions were 
organized to preview the content of each program element, to discuss planned 
activities and to highlight recent accomplishments. 

Attendance at the workshop was by invitation only and included only industry, 
academic and government participants who were actively involved in the High-Speed 
Research Program. The technology presented at the meeting is considered 
commercially sensitive, and as such, the conference results and this publication are 
protected by the NASA designation LIMITED DISTRIBUTION. 
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INTRODUCTION 


The NASA High-Speed Research Program is being conducted to develop the technologies 
essential for the successful U.S. development of a commercial supersonic air transport in 
the 2005 timeframe. The HSR program is being conducted in two phases, with the first 
phase stressing technology to ensure environmental acceptability and the second phase 
stressing technology to make the vehicle economically viable (in contrast to the current 
Concorde design). During Phase I of the program, a key element of the environmental 
emphasis is minimization of community noise through effective engine nozzle noise 
suppression technology and through improving the performance of high-lift systems. 

This presentation presents an overview of the current Phase I High-Lift Program which is 
directed at technology for community noise reduction. The total target for takeoff engine 
noise reduction to meet expected regulations is believed to be about 20 EPNdB As noted 
in Figure 1, the high-lift research is stressing the exploration of innovative high-lift 
concepts and advanced flight operations procedures to achieve a substantial (approximately 
6 EPNdB) reduction in community noise to supplement the reductions expected from 
engine nozzle noise suppression concepts; primary concern is focused on the takeoff and 
climbout operations where very high engine power settings are used. Significant 
reductions in aerodynamic drag in this regime will allow substantial reductions in the 
required engine thrust levels and therefore reductions in the noise generated. 

HIGH-LIFT REDUCES COMMUNITY NOISE 
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AERODYNAMIC POTENTIAL (Takeoff and Climb) 


To achieve the objective of lower thrust (and therefore noise), the high-lift work is 
examining not only obtaining high values of useful lift but also getting these levels with the 
best possible aerodynamic efficiency (L/D). As illustrated in figure 2, the desired speeds 
for takeoff and climb place a highly swept-wing airplane like a supersonic transport in the 
lift coefficient range near and above the maximum values of L/D. In this regime, extensive 
flow separation is inevitable and both attached flow and seperated flow high-lift concepts 
must be explored to successfully address the strong separated and vortical flows. 

However, as noted in figure 2, there exists substantial room for improving L/D if one 
considers the difference in performance from a basic untreated swept wing to that ideally 
possible with fully attached flow. The goal in this program is to achieve levels of leading 
edge suction in the 80 to 85 percent range; this will produce the subtantial improvements 
sought in L/D. 
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OBJECTIVES 


The objectives of the HSR High-Lift research are outlined in figure 3 for both Phase I and 
Phase II. As already noted, in Phase I the principal emphasis of the high-lift work is to 
reduce the community noise. This effort involves exploration of high-lift concepts for both 
attached and separated flow control for both the leading edge and the trailing edge of the 
wing. During this research, the experimental and analytical efforts will be closely 
integrated to ensure good analyses codes are available to the designer for use in conducting 
the design trades during configuration integration. In addition, a key objective in Phase I is 
to quantify the possible gains in noise reduction from not only the aerodynamic concepts, 
but also the combination of these with new automated flight management procedures during 
landing, takeoff, and climbout. 

Phase two objectives begin to shift the program focus to more detailed configuration 
integration efforts and toward extended concept validation tests involving large-scale testing 
and flight tests. 
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VORTEX FLAP FLIGHT EXPERIMENT 


Completion of the recent vortex flap flight experiment on the F-106 airplane (shown in 
figure 4 below) at Langley has greatly increased confidence in the potential aerodynamic 
performance gains possible on higly swept wings operating at high values of lift. Gains 
predicted for this experiment were realized and correlated well with experiment and theory; 
much was learned during the indepth flight studies about the wing loading and flow field 
which was not evident from the earlier ground tests. The challenge now is to extend this 
type of technology to the more highly-swept, cranked planforms expected for the next 
generation of high-speed civil transports. 
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F-16XL MODIFICATIONS FOR HIGH-LIFT RESEARCH 


The range of high-lift concepts being studied in the current program is illustrated in the 
sketch shown in figure 5. The F-16XL will be used as a testbed in Phase II of the program 
to provide flight validation of both concepts and key aerodynamic prediction methods. 
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PROGRAM SCOPE AND APPROACH (FIGURE 6) 


The NASA High-Speed Research (HSR), High-Lift Program scope ranges from CFD 
(Computational Fluid Dynamics) code development and application to High-Speed Civil 
Transport (HSCT) concepts, through extensive experimental investigations in wind-tunnels 
(and possibly flight tests), and to comprehensive piloted simulations to integrate 
aerodynamic gains with advanced flight procedures. The approach is to take maximum 
advantage of the extensive experience gained in the NASA Supersonic Cruise Aircraft 
Research (SCAR) program in selecting the high-lift concepts to explore and refine. This 
time around, we have much more powerful research tools in the CFD area and in wind 
tunnels (with facilities such as NTT). 

A prime element in the approach for this program is the careful coordinated development of 
both promising high-lift concepts and the analysis and prediction methods needed for 
application of these concepts to various HSCT designs. 
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MODIFIED SCAR MODEL 


As shown in figure 7, maximum advantage is being taken of the numerous wind-tunnel 
models available from the previous SCAR program. These models have been modified to 
refine concepts identified in the prior program and to explore new ideas. Shown in figure 7 
is a NASA free-flight model developed during the SCAR effort. 



Figure 7 
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PARTICIPANTS & ROLES 


The organizations participating in the current HSR high-lift research are outlined in 
figure 8. The HSR high-lift program manager is located in NASA Headquarters (Office of 
Aeronautics, Exploration and Technology) in the Aerodynamics Division where he reports 
to the HSR program manager in the Office of Aeronautics. Both the Langley and Ames 
research centers are conducting high-lift research for the HSR program. Both centers are 
addressing CFD and experimental aerodynamics testing. The work at Langley also 
includes flight dynamics piloted simulation, and the prediction of community noise 
reductions provided by improved high-lift concepts. The teams at the two centers are 
working in a cooperative fashion to ensure the best high-lift concepts are identified, 
properly understood, and refined for effective application to realistic HSCT concepts. A 
concerted effort is being made at both centers to maintain a high level of cooperative work 
with industry. 



Figure 8 
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PHASE 1 SCHEDULE 


The approximate timing for the research efforts in Phase I is shown in figure 9 for each of 
the three primary thrusts: simulation and analysis, supporting experiments (wind-tunnel 
studies), and concept verification (large-scale, high Reynolds number confirmation of most 
promising concepts). Also shown is the planned funding for this program phase. 

The schedule is characterized by broad exploratory work early in the program and by 
increased focus on the most promising concepts and methods toward the end of the 
program. 


NASA HSR 
HIGH LIFT 
PROGRAM 


PHASE 1 SCHEDULE 


FY91 


FY92 


FY93 


FY94 


FY95 


$LaRC/ARC 


CFD on AST's 


SIMULATION 

AND 

ANALYSIS 


CFD DEVELOPMENT 


PILOTED SIMULATION - PERFORMANCE AND PROCEDURES 


Rn&LERAD EFR 


SUPPORTING 

EXPERIMENTS 


CONCEPT EVALUATION 
- EXISTING MODELS 


CODE/TEST METH CALIB 2nd GENERATION CONCEPTS 


CONCEPT 

VERIFICATION 


CODE VERIFICATION FOR 
ADVANCED CONCEPTS 


VERIFY NOISE REDUCTION 
DUE TO HIGH LIFT 


.7/.3 M 


2.5/.7 M 


1.3/.2M 


$LaRC/ARC 


.5/.3 M 


1.5/.5M 


1.5/.1 M 


.5/.1 M 


.5/.2 M 


4.5/1 .2 M 































PHASE 1 MILESTONES 


Key milestones for the Phase I effort are summarized in figure 10 in each of the three 
primary thrusts. Essential milestones will include proof of effective high-lift concepts, 
validation of the experimental and CFD methods capable of predicting the performance of 
these concepts, and prediction of the community noise benefits expected from these 
concepts. 

An important message in this figure is that our program will begin developing a new series 
of HSCT wind-tunnel models in FY 1992 to carry the most promising ideas into more 
refined studies or representative wing platforms. 
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WORKSHOP OBJECTIVES 
(FIGURE 11) 


The present workshop for the high-lift research is intended to give the U.S. technical 
community a good update on NASA plans for Phase I, NASA progress to date, and 
industry perspectives and priority technology need. A principal purpose of the workshop 
is to achieve a good interaction of key technologists to ensure the current program plan is 
relevant, and the results are apparent to those who need them. All workshop participants 
should feel free to make constructive criticisms and suggestions for improving the ongoing 
program. 


WORKSHOP OBJECTIVES 


• Provide HSR community an update on 

- NASA plans and progress with emphasis on Phase I 

- Industry plans, progress, and priority needs 

• Provide forum for interaction of key techologists and sharing 
of ideas 

• Accomplish constructive critique of high-lift program to 
improve value and timeliness for industry 
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AGENDA 


The agenda for the high-lift workshop is shown in figure 12. After my overview, the 
session will first hear about the NASA efforts at Langley and Ames. Our industry 
colleagues will then brief Boeing and Douglas elements of our workshop. 

We will close the workshop with a discussion period led by my Ames colleague. Dr. Jim 
Ross. I strongly encourage all attendees to give this session your best effort, and please 
share your concerns and ideas. 
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HSCT HIGH-LIFT RESEARCH 


The discussion contained herein is intended to provide a status update of the 
NASA LaRC HSCT High-Lift Research Program. The areas of discussion are 
shown in the accompanying outline. 


• Existing models 

• Recent Wind tunnel studies 

• Piloted simulation 


• Near term plans 


HSCT HIGH-LIFT RESEARCH 
Existing Models 


“ n ? el m J ° delS , fa , bricated for the NA SA Supersonic Technology Program of 
the 1970s and early 1980's are representative of current HSCT conceptual 
designs Due to their availability, these models are being modified to explore 

advanced high-lift concepts. Three of these currently available model 
geometries are shown. 



NASA NASA 
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HSCT HIGH-LIFT RESEARCH 
Existing Models 

A listing of currently available models is presented. Detailed geometric 
characteristics and aerodynamic data for specific models are contained in the 
reference indicated. These references are listed at the end of this paper. 


DESIGNATION 

SCALE 

CONFIG. 

LENGTH 

(ft) 

SPAN 

(ft) 

w 

COMPONENT VARIABLES 

REF. 

AST-210 

(1979) 

0.03259 

Wing-Body 

8.16 

4.133 

110 

L.E., T.E., 
outboard panel 

1,2 

AST-210 

(1979) 

0.025 

Wing-Body 

6.26 

3.17 

780 

L.E. 

3 

AST-105 

(1974) 

0.10 

Complete 

u 

■ 

■ 

L.E. (apex & outboard panel), 
powered nacelles, 

T.E. (hinge line BLC) 

■ 


0.045 

Complete 

m 

Qj 


L.E., T.E. 

67,8,9 

AST-200 

0.03259 

Wing-Body 

thickness 

distribution 

m 

4.133 

110 

L.E., T.E., pressures 

10 



Complete 

m 

B 

26 

L.E., T.E., pressures 

11 

733-336C 
Follow-on 2 

H 

Wing-Body 

mm 

KB 

30 

L.E., wing dihedral 

12 
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HSCT HIGH-LIFT RESEARCH 
Recent Wind-Tunnel Studies 

Three low-speed wind-tunnel studies have recently been conducted. The 
responsible researchers and principle objectives are as indicated. 


• AST-210 NTF investigation to explore Reynolds 

number effects on performance. 

(Julio Chu (804) 864-5136) 

• AST-210 14 X 22 Foot Wind Tunnel investigation 

for CFD correlation and exploratory study 
of innovative concepts. 

(Bryan Campbell (804) 864-5069) 

• AST-105 30 X 60 Foot Wind Tunnel investigation to 

explore effect of fuselage forebody fineness 
ratio on static directional stability. 

(E. Richard White (804) 864-1 147) 
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HSCT HIGH-LIFT RESEARCH 
NTF Model 


Photograph of the 0.025-scale AST 210 model mounted in the NTF for low-speed 
tests. 
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HSCT HIGH-LIFT RESEARCH 
14- by 22-Foot Subsonic Tunnel Model 

Photograph of the 0.03259-scale AST-210 model mounted in the 14- by 22-Foot 
Subsonic Tunnel for low-speed tests. 



D’RIG'NAL 

“ SLACK AND WHITE 


PAGF 

photograph 
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HSCT HIGH-LIFT RESEARCH 
30- by 60-Foot Tunnel Model 



Photograph of the 0.045-scale AST-105 model mounted in the 30- by 60-Foot 
Tunnel for tests. 
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HSCT HIGH-LIFT RESEARCH 
Piloted Simulation Background 


The piloted simulation effort resulted from the projected inability of current 
HSCT concepts to meet proposed noise regulations. 


Previous studies have shown reductions in 
airport-community noise resulting from: 

• Increases in Cl 

• Advanced takeoff and landing operating procedures 

• Modifications to engine characteristics 
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HSCT HIGH-LIFT RESEARCH 
Piloted Simulation Objectives 


The objectives of the piloted simulation program are as indicated. 


• Document noise reduction resulting from 
increase in Cl and L/D and modifications 
to engine characteristics 

• Develop and evaluate advanced takeoff 
and landing pilot operating procedures, which 
fully exploit noise reduction benefits without 
compromising safety 


Responsible Researchers 
Donald R. Riley (804 864-1148) 
Louis J. Glaab (804 864-1159) 
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HSCT HIGH-LIFT RESEARCH 
Piloted Simulation Baseline Configuration 


Due to the existence of a comprehensive data base the AST-105 configuration 
was selected as a simulation model. Although this configuration was developed 
in the late 1970's it is representative of current HSCT conceptual designs. 



Airframe AST-105-1 (1979) 

W T .o. (Ibf) =686,000 
WApp. Obf) = 392,250 
S (ft 2) =8366 
b (ft) =126.215 
c (ft) =88.162 


Engine (4) VSCE-516 (1979) 

Bypass ratio =1.3:1 
OPR =16:1 
Wa (Ibm/sec) = 608 
Vf A/p =1.7:1 


A L.E.^eg) = 74/70.3/60 
Range (n. mi.) = 4500 
M cruise = 2.7 
T/W =0.254 
L/D max = 9-39 
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HSCT HIGH-LIFT RESEARCH 
Piloted Simulation Approach 


The approach to noise prediction is shown on the accompanying chart. The 
research uses the Langley Visual Motion Simulator (VMS) which has three axis 
motion capability (three axis translation and three axis rotation). The pilot has 
a standard display panel and controls, and a computer graphics image of the 
runway and airport surroundings. The simulation provides automated flight 
control capability and allows different levels of stability augmentation 
systems to be considered. The pilot can perform take-off and landing 
procedures and the resulting flight trajectories (coupled with the engine 
characteristics) are input to the Aircraft Noise Prediction Program (ANOPP) 
which is then used to compute noise contours. An initial objective of this 
research effort was to develop the VMS/ANOPP interface. To permit rapid 
accomplishment of this objective, the AST-105 configuration (because of the 
available and comprehensive data base) was selected for initial study. 
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HSCT HIGH-LIFT RESEARCH 
Piloted Simulation Status 


The status of the piloted simulation research is as indicated. Future plans for 
this activity are presented in a subsequent section. 


• AST-105 aerodynamic data base and VSCE-516 
engine deck incorporated in Visual Motion 
Simulation 

• VMS/ANOPP interface developed 

• AST baseline noise characteristics evaluated 

• Advanced engine and advanced operating procedures 
investigations in progress 
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HSCT HIGH-LIFT RESEARCH 
Near-Term Plans 


The HSCT High-Lift Research plans are as listed and will be discussed 
individually. 


1 . Piloted simulation 

2. Planform/L.E. modifications (AST-200 -> HSCT 71/50) 

3. L.E. BLC-suction/wing apex blowing/ L.E. radius mod (AST-210) 

4. L.E. sweep/outboard panel parametric study 

5. HSCT baseline configuration 

6. DAC-2.2 Advanced L.E. concepts 

7. F-16XL model modifications 
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HSCT HIGH-LIFT RESEARCH 
Cooperative Programs 


The LaRC High-Lift Research Program reflects a highly cooperative effort 
between NASA LaRC and industry. This cooperative spirit is further evidenced 
by joint LaRC-ARC-LeRC research as well as a significant number of multi- 
Division, multi-Branch research activities at LaRC. 


Near term 
plan 


• Piloted simulation of advanced aero (LaRC/Boeing/DAC) 1 

and operating procedures 

• Commumity noise (LaRC-FAD/FDB, ANRD/AB&SAB) 1 

• Advanced engines/community noise (LaRC/LeRC) 1 

• Wing apex flap concepts (LaRC/Boeing) 2, 4 

• Trapped vortex concepts (LaRC/ARC) 2, 4 

• Leading-edge BLC/suction (LaRC/Boeing) 3 

• Leading-edge radius effects (LaRC/Boeing) 3 

• Wing apex blowing (LaRC/DAC) 3 

• HSCT baseline configuration (LaRC-FAD, AVD, AAD/Boeing/DAC/ARC) 5 

• High-lift design methods (LaRC/DAC) 6 

• High-lift impact on ejector acoustics (LaRC/LeRC) 6 

• Fuselage foerbody effects (LaRC/Boeing) Completed 
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HSCT HIGH-LIFT RESEARCH 
Piloted Simulation Plans 

Near term plans for the piloted simulation are as indicated. This study is 
intended to be a long term activity and will be updated to reflect current HSCT 
concepts as the experimental and computational data become available. 


• Complete community noise evaluation of (AST-105) 
configuration, assess impact of advanced engines, 
advanced piloting procedures 

• Enhance high-lift aerodynamics and evaluate 
community noise 

Cl - Assume potential flow 

Cd - Asume 90-percent suction 

Cm - No pitchup, alternate trim concepts 

• Evaluate community noise characteristics for NASA 
advanced baseline HSCT configuration 
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HSCT HIGH-LIFT RESEARCH 
Planform/L.E. Modifications 


The existing AST-200 model will be modified to reduce the leading-edge sweep 
and increase the span. Advanced leading-edge design will be fabricated and 
tested in the 14- by 22-Foot Subsonic Tunnel. 


• Modify AST-200 planform (0.03259-scale model) 
from A = 74770.5760° to A = 71750° 

• Incorporate advanced leading edge flap design 

- Carlson design method 

- Frink vortex flap design 

• 14 X 22 Foot Tunnel tests 


1679 



llllilil 


HSCT HIGH-LIFT RESEARCH 
AST-200 - HSCT 71/50 

The shaded area represents the high-lift system for the revised AST-200 model. 
The model will incorporate a separate balance system to isolate the 
aerodynamic loads on the outboard wing panels. A limited number of pressure 
taps will be installed to evaluate the leading-edge flow characteristics. 
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HSCT HIGH-LIFT RESEARCH 
AST-210 Modifications 


Both the 0.025- and 0.03259-scale models of the AST-210 configuration are 
being modified. The 0.025-scale model is having the leading-edge radius 
increased by a factor of about 2 and will be tested in the NTF. The larger 
0.03259-scale model is having a correspondingly increased leading-edge radius. 
In addition, a porous leading-edge BLC-suction system will be tested in the 14- 
by 22-Foot Tunnel. This system is intended to alleviate low speed wing 
leading-edge flow separation and is designed to be compatible with Supersonic 
Laminar Flow Control designs. A further consideration of pneumatic devices is 
the apex blowing concept which is intended for vortex control/amplification. 


• Modify AST-210 L.E. radius (0.025-scale model) 
- NTF tests 

• Modify AST-210 (0.03259-scale model) to 
incorporate porous L.E. for BLC-suction 

- 14 X 22 Foot Tunnel tests 

• Modify AST-210 fuselage to incorporate wing 
apex blowing for vortex control/amplification 

- 14 X 22 Foot Tunnel tests 
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HSCT HIGH-LIFT RESEARCH 
L.E. BLC-Suctlon 


Leading-Edge Boundary Layer Control (BLC)-Suction system for 0.03259-scale 
AST-210 model. 



To vacuum 
source 



Leading edge (206) 477-2291 

attachment point 
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HSCT HIGH-LIFT RESEARCH 
Apex Blowing 


Apex blowing concept for 0.03259-scale AST-210 model. 



Analysis By: J. Morgenstern 
Douglas Aircraft Company 
(213) 496-9151 
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HSCT HIGH-LIFT RESEARCH 
L.E. Sweep/Outboard Panel Parametric Study 


A parametric series of wind-tunnel models is being designed and fabricated. 


• These models are intended for parametric 
study of the effect of L.E. sweep and outboard 
panel geometry on high-lift performance and high 
lift system complexity. Models will be sized for tests 
in LaRC 12-Foot Low-Speed Tunnel, BART, Vigyan 
and N.C. State University Low-Speed Tunnels. 



Planform 

al.e., 

deg 

A 

71/50 

B 

69/41.8 

C 

67/32.8 

D 

71/50 

E 

71/50 

F 

71/50 


Note: Each planform has L.E./T.E. 
high-lift system 

Responsible Researcher 
E. Richard White (804) 864-1147 
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HSCT HIGH-LIFT RESEARCH 
Langley Baseline Concepts 

A configuration study has been conducted by the NASA LaRC Vehicle Integration 
Branch of the Advanced Vehicle Division. Preliminary planform views of three 
Mach number designs are presented. The study will be completed in Summer 
'91 and design and fabrication of a new model series will be initiated in FY'92. 



HSCT HIGH-LIFT RESEARCH 
HSCT Baseline Configuration Models 


Three models of the NASA LaRC baseline HSCT concept will be designed and 
fabricated. These models will be the subject of numerous cooperative research 
programs and are being designed so as to be compatible with a number of wind 
tunnel facilities. 


MODEL 

FACILITY 

MACH 

TEST 

SCALE 


RANGE 

SECTION 

0.02 

NTF 

0.2 - 0.5 

8' X 8' 

1 


BSWT 

0.4 - 4.5 

4' X 4’ 

\ 

f 

BTWT 

0.3- 1.1 

8* X 1 2' 

0.035 

14X22 

0.05 - 0.3 

1 4' X 22' 



BTWT 

0.3- 1.1 

8'X 12' 



ARC 9X7 

1 .5 - 2.5 

9' X T 



ARC 11' 

0.5- 1.4 

irxir 



ARC 7X10 

0.05 - 0.34 

7'X 10' 

1 

< 

UWAL 

0.05 - 0.27 

8' X 1 2' 

0.045 

30X60 

0-0.1 

30' X 60' 
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HSCT HIGH-LIFT RESEARCH 
NASA/Industry L.E. Flap Design Methodology 

NASA/Industry teams are using advanced design methods, as shown, to develop 
integrated high-lift system designs which will be wind tunnel tested and CFD 
analyzed. 
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HSCT HIGH-LIFT RESEARCH 
DAC 2.2 Model 


Members of the Douglas design team are using the design method discussed on 
the previous chart to develop advanced high-lift systems for a 1970's wind- 
tunnel model of a conceptual design designated DAC 2.2. Although from a 
previous program, this configuration does aerodynamically represent current 
HSCT concepts. Owing to the availability of the model, the research can be 
readily accomplished in the 30- by 60-Foot Tunnel. 



ORIGINAL PAGE 

SLACK AND WHITE PHOTOGRAPH 
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HSCT HIGH-LIFT RESEARCH 
F-16XL Model Modifications 

Low-speed wind-tunnel studies are planned using an existing 0.18-scale model 
of the F-16XL. These tests are planned for the 30- by 60-Foot Tunnel and will 
explore wing leading-edge modifications which include the return to a constant 
sweep inboard wing panel and leading-edge flaps. This research may ultimately 
lead to full-scale testing of advanced leading-edge devices. 


• Wing leading-edge sweep modified in apex region 

• Design, fabricate, test advanced L.E. flaps 
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HSCT HIGH-LIFT RESEARCH 

Concluding Remarks 


• Initial experimental/code calibration wind tunnel tests 
conducted using existing models from prior supersonic 
technology programs. Results from initial tests valuable 
in current design process 

• Piloted simulation, for community noise reduction, 
initiated from existing supersonic technology data base 
due to availability and completeness. Updates planned 
as experimental/computation results for advanced 
designs become available 

• Near term plans heavily emphasize cooperative programs 
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Session XII. High Lift 


Status of CFD for LaRC’s HSR High-Lift Program 

Edgar G. Waggoner and Jerry C. South, Jr., NASA Langley Research Center 
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OBJECTIVES OF CFD APPLICATIONS 
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DOMINANT FLOW MECHANISMS 
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CANDIDATE "PRODUCTION" ANALYSIS 
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Shock fitting 

Balwin-Lomax (and extensions) turbulence model 


HSCT Configuration 



COMPARISON OF 
FORCE-COEFFICIENTS FOR HSCT 
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AST210 Configuration 

Force Comparisons 
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AST210 Configuration 

Force Comparisons 
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LEADING-EDGE FLAP DESIGN FOR 
HIGHLY-SWEPT, THIN WINGS 
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EMERGING GRID TECHNOLOGIES 
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Figure 1: Adaptively Generated Mesh and Computed Mach Contours 
for Flow Over an ONERA M6 Wing 

(Number of Grid Points » 173,412 Number of Tetrahedra =* 1.0 13,7 18) 
(Mach » 0.84. Tnddence * 3.06 degrees) 
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INTRODUCTION 



Low speed aerodynamic performance has been identified as critical to the successful development of an 
HSCT. The airplane must takeoff and land at sufficient number of existing or projected airports to be 
economically viable. At the same time, community noise must be acceptable. 

Improvements in cruise drag, engine fuel consumption, and structural weight tend to decrease the 
wing size and thrust required of engines. Decreasing wing size increases the requirements for effective 
and efficient low speed characteristics. Current design concepts have already been compromised away 
from better cruise wings, like arrow wings, for low speed performance. Flap systems have been added 
to achieve better lift-to-drag ratios for climb and approach and for lower pitch attitudes for liftoff and 
touchdown. 

Research to achieve improvements in low speed aerodynamics needs to be focused on areas most likely 
and have the largest effect on the wing and engine sizing process. It would be desirable to provide 
enough lift to avoid sizing the airplane for field performance and to still meet the noise requirements. A 
more economically viable airplane would result if we can accomplish improvements in the high lift 
system. Some of the "compromises" to the cruise configuration could be returned. Some of the gain 
will require regulatory changes allowing innovative flaps and flap control systems. 

Current design activities tend to be centered on double delta wings, trailing edge-mounted nacelles, 
and aft tail for trim and control. A "snap-shot" of the low speed strengths and weaknesses for this kind 
of a configuration will be examined. The airworthiness standards developed in 1971 for the USSST 
will be the basis for performance requirements for an airplane that will not be critical to the airplane 
wing and engine size. 


Where should research for improved low speed performance be focused? 

• A snap-shot for 

* One particular study airplane 

* Wind tunnel characteristics for a similar configuration 

* A proposed set of airworthiness standards 

• A look at: 

* Lift adequate for field performance and speed margins 

* Drag required for climb gradient requirements 

* Sensitivity of noise to drag improvements 
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FIGURE 1 



SIZING FOR CRUISE PERFORMANCE 


Ideally, an airplane s wing area and engine size is selected by cruise mission performance requirements 
without any penalties to give acceptable takeoff and landing performance. To find out what kind of lift 
and drag characteristics are required to do this, the climb, cruise, and descent performance is calculated 
for a range of wing areas and engine sizes similar to the illistration. Limitations due to fuel capacity for 
the class of wings and fuselages being studied can be indicated as limitations as can off-design 
performance requirements like a minimum rate of climb. The sized configuration would be the 
minimum wing area and engine size that satisfied all these conditions. Required low speed 
performance can be added next. 



FIGURE 2 



LOW SPEED T IFT REQUIRED 


The limit of acceptable low speed performance is usually defined for the maximum take off gross 
weight and the maximum landing weight. The design takeoff field length is related to the airports that 
are expected to be used. The approach speed is the common parameter for landing and must be 
considered safe, acceptable to the flight crew, and not require excessive stopping distances even under 
adverse conditions. Current studies use 11,000 feet for the FAR takeoff field length and 155 knots for 
approach speed. 

For the sized airplane wing area and engine thrust, liftoff and approach lift coefficients can then be 
calculated that give the design low speed performance. Locus of lines of constant field length and 
approach speed can then be calculated using these selected lift coefficients as shown for the cruise- 
defined thumbprint. The values of lift coefficient shown will next be used as starting points to describe 
related levels of lift that must also be achievable for satisfactory low speed performance. 
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LOW SPEED MODEL 


The lift and drag needed to give the required takeoff and landing performance will be compared against 
the characteristics of a low speed wind tunnel model typical of recent configuration studies. The high 
lift system consists of vortex flaps with vortex fences at the wing apex and unslotted trailing edge flaps. 
Suppression of leading edge separation was an objective for good climb and approach performance 
and vortex amplification was used for liftoff and touchdown configurations. 
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FIGURE 4 
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HIGH LIFT SYSTEM UTILIZATION 


Currently certified airplanes maintain a fixed flap position through takeoff ground roll, liftoff, climb 
and acceleration until the landing gear is retracted. Similarly, the flap is fixed during landing final 
approach and is not changed until after touchdown. This convention in operating procedure is required 
by the Federal Air Regulations (FARs) . Automatic procedures that move the flaps in ways that make 
changes in flap position "invisible" to the crew with equivalent safety need to be made acceptable to the 
rules when gains in performance can be made. Flaps that reposition themselves in response to angle 
of attack, speed, altitude, etc. are referred to as "programmed flaps". With them, 
liftoff and touchdown lift could be increased without necessarily reducing the lift-to-drag ratio during 
climb and approach. Better climb gradients and lower noise could then be achieved. 


CONVENTIONAL 


PROGRAMMED FLAPS 


ACCELERATION 
& LIFTOFF 


CLIMB & 
APPROACH 


FLARE & 
TOUCHDOWN 






BRAKING 
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FIGURE 5 


LIFT REQUIREMENTS 


During the late 1960's and early '70's, a lot of effort was made to define the airworthiness standards for 
the USSST program prior to its cancelation. The results were the Tentative Airworthiness Standards 
for Supersonic Transport (1971). These proposed rules recognized, among other things, the significant 
differences in performance and handling characteristics expected with low aspect ratio wings and high 
thrust levels. 

These proposed rules, along with the Concorde Special Conditions, will have to be reviewed by the 
industry and further developed to be consistent with projected new technology. 

For this study, the TASST's as they existed in 1971 will be used to define and develop the required low 
speed performance criteria that would be needed in order to have no direct impact on the cruise-sized 
airplane. 


TENTATIVE AIRWORTHINESS STANDARDS FOR SUPERSONIC TRANSPORT (TASST) 

( 1971 ) 


CONDITION 

SPEED 

REQUIREMENT 

Liftoff 

Viof 

FAR 25.104(b) must not require pitch or roll 

attitudes that may result in unwanted contact of the 

Touchdown 

Vtd 

airplane with the ground. 

[ V mu requirements deleted but other abuse 
conditions added ] 

Takeoff Climb 

V 2 

FAR 25.104(a) the selected speeds must provide 

adequate and defined margins above the minimum 

Approach 

Vapp 

demonstrated speeds 

v 2 > 1.15 Vmin FAR 25.107(b)(1) 

V ap p > 1.23 Vmin (no specific TASST 

requirement but this value 
was being used in 1971 } 

Zero Rate of Climb 

Vzrc 

FAR 25.107(b) ...Speed V2 ...may not be less than: 
(3) 1.125 Vzrc... 

Minimum Performance 
Reference Speed 

Vmin 

FAR 25.103(b) ....the applicant shall define, for 

each appropriate configuration, a 


minimum demonstrated flight 
speed V min 
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FIGURE 6 


TAKEOFF T IFT - ATTITUDE LIMITED 


Assuming that the wind-tunnel data shown represents the study airplane's capability for lift, the pitch 
attitude margin to aft-body contact for the liftoff lift coefficient is shown. For maximum takeoff gross 
weight, a small acceleration occurs during climb to 35 feet (V2). A feature of the assumed programmed 
flap system is that the angle of attack would have to be increased after liftoff to accommodate the flap 
that gives better L/D for dimb. 



a, deg 

LIFT - LOW REYNOLDS NUMBER WIND TUNNEL DATA 
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FIGURE 7 






LANDING LIFT - ATTITUDE LIMITED 


Approach lift coefficient would require a relatively high angle of attack for the programmed flap 
position that gives the best L/D. After passing the airport boundary, the programmed flaps would 
transition to the touchdown flap, speed would bleed off during flare, and touchdown would occur with 
some clearance margin to structural contact. 
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FIGURE 8 




i Mil l II 


GROUND CLEARANCE MARGINS 


Typical ground clearance margins for liftoff and touchdown are shown on a pitch-roll clearance plot. 
These margins must be adequate to give the clearances required to handle TASST abuse conditions and 
the real-life problems of cross-wind landings, gusts, etc. Clearance margins can be improved with 
longer landing gear, wing shear, etc., but at some cost in weight and complexity. 


PITCH ATTITUDE 
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FIGURE 9 



L IFT FOR MINIMUM DEMONSTRATED SPEEDS 


A feature of the programmed flap system that could be included would be to adjust the flaps as angle of 
attack increases to give good characteristics for minimum speed demonstration and contribute to 
recovery if stall were to occur. The normal in-flight low speed configuration would be the flaps for 
maximum L/D at any angle of attack. This objective could be maintained as pitch attitude increased to 
the Vmin demonstrated condition. If an attitude over-shoot occurred, the flap could further transition 
to a best recovery flap. The liftoff flap and the touchdown flap would also be included so that a single 
flap configuration would exist at excessive angles of attack. 

Several segments of fixed flap data are shown below through which a line is drawn representing the 
programmed flap function. The lift coefficient for Vmin required for the approach speed is more critical 
than for takeoff. It is still less than that available from the wind tunnel model, however. 



FIGURE 10 
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ItiLi 


Some tendency to pitch-up exists at high lift coefficient, but the airplane is nearly trimmed for the Vmin 

conditions. Strong recovery capability from the horizontal tail is still possible. 
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FIGURE 11 





DRAG WITH REQUIRED TAKEOFF T TFT 


Die drag characteristics with the selected takeoff flaps and speeds are shown below. The liftoff flap 
gives a lower L/D because higher lift coefficients are the objective. Beginning transition to the 
scheduled flaps for better L/D after reaching 35 feet gives noticeable improvement by the gear-up point 
(V2). Further flap change and acceleration (lower lift coefficient) by the noise cutback point provides a 
significant improvement in L/D over that of the liftoff flap. If a fixed flap were required for takeoff, a 
compromised flap would have to be found, having less lift capability but better drag characteristics that 
the flap chosen for this study. 


The zero-rate-of-climb condition and the minimum speed demonstration point are also on the best drag 
envelope. b 



GEAR UP POIARS - LOW REYNOLDS NUM8ER WIND TUNNEL TEST 
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FIGURE 12 




DRAG WITH REQUIRED LANDING LIFT 


the approach flight segment would be on the envelope for minimum drag. After passing over the 
airport boundary, the flaps would begin to transition to the touchdown flap. Since higher lift is desired 
to allow reduced touchdown attitudes, vortex lift from separated leading edges would be favored. The 
resulting drag increase would contribute to speed bleed-off. In order to maintain a fairly stable pitch 
attitude, the rate of flap extension may have to be coupled with automatic trim adjustments. Flare 
would occur with the increased lift due to ground effect. 



GEAR UP POlARS - LOW REYNOLDS NUMBER WIND TUNNEL TEST 


1754 


FIGURE 13 




CLIMB GRADIENT REQUIREMENTS 


The TASSTs expand on the climb requirements of the FARs by adding the Zero Rate of Climb and the 
Continued Approach conditions. In addition, four conditions must also be demonstrated maneuvering 
at 18 degrees of bank. 

Zero rate of climb demonstration is part of the requirements for safe flight at high angles of attack, near 
the minimum demonstrated speed. Takeoff speeds would have a margin relative to Vzrc. 

Continued Approach is a measure of the ability to safely continue approach following the loss of two 
engines. 

Climb under maneuver conditions would account for the rapid drag build-up of low aspect ratio wings 
as lift is increased. 

These gradient requirements can be used to calculate how low a drag level is required for the cruise- 
sized airplane to have adequate low speed performance. 


Tentative Airworthiness Standards For Supersonic I ransport (TASST) 



1 Gradient Rea'd 


(1971) 

Specified Conditions 



Condition 

0=0 

0=19° 

NQ..ENQ 

sear 

FLAP 

THRUST 

Y 

Takeoff Climb 








- First segment 

.005 

- 

3 

Down 

Liftoff 

R> 

Vlof 

- Sec Segment 

.030 

.020 

3 

Up 

When Gear is 
Fully Retracted 

n> 

V 2 

- Zero R JC 

0 

- 

3 

Up 

Takeoff Configuration 

T.O. 

<sV 2 /1.125 

- Approach 

.027 

.017 

3 

Up 

Approach 

T.O. 

V APP 

- Continued 

.024 

.014 

2 

Up 

8 sec (a> 

8 sec 

V APP 

Approach 







- Landing 

.032 

.022 

4 

Down 

Landing 

8 sec 

V APP 


Most Critical Propulsion Configuration to Gear Up. 

2> Most Critical Propulsion Configuration to 400 ft. 

§/> Flaps or Thrust Avialable in 8 sec 
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FIGURE 14 



INCREMENTS TO BASIC DRAG 


The basic drag of a wing-body must be trimmed and landing gear and engine-out drag added before the 
climb gradients are determined. Results for one flap position and trim balance point is shown. 
Theoretical drag polars bracket the wind-tunnel results except at low lift levels where flap drag is 
excessive. 



POLARS - LOW REYNOLDS NUMBER WIND TUNNEL DATA (ENGINE-OUT DRAG ESTIMATED) 
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FIGURE 15 




L/D REQUIRED FOR CLIMB 


When comparing the basic trimmed drag levels required to meet the various climb gradient 
requirements, it is necessary to account for landing gear drag and engine-out drag increments. Several 
gradient requirements can then be compared to wind-tunnel results for a symmetric model with gear 
off. 


• Climb equation 

Tany =T/W - [D/L + A D/Leo + AD/L gea r] 

• L/D required ( symmetric thrust and gear up ) 

1 

L/D req'd — 

[ T/W avail. * A D/L go * A D/L gear] "Tany req'd 
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FIGURE 16 


POLAR POINT REQUIRED FOR FIRST SEGMENT CLIMB 


This and following charts are shown using the suction parameter, s, which is a measure of induced drag 
efficiency. Ideal polars consisting of skin friction and elliptic span loading induced drag define s=l, as 
low a drag level as possible. Completely separated flat plate induced drag plus skin friction define s=0. 
This parameter is a measure of drag efficiency and more independent of planform effects than is lift-to- 
drag ratio. 

First Segment Climb is at 35 feet of altitude, the gear is still down and one engine is inoperative. The 
required drag level for First Segment Climb is less than the wind tunnel data used for the liftoff flap 
polar. A better liftoff L/D is needed, but the liftoff angle of attack might be compromised if adjustment 
in flap position, closer to the programmed flap envelope, is used. 



ALL ENGINE/CEAR UP POLAR - LOW REYNOLDS NUMBER WIND TUNNEL DATA 
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FIGURE 17 



POLAR POINTS REQUIRED FOR SECOND SEGMENT COMB 
AND ZERO RATE OF CLIMB 


Second Segment Climb and Zero Rate of Climb requirements are with gear up and one engine 
inoperative. The wind tunnel polars being used for programmed climb flaps are better than the drag 
levels required to meet Second Segment gradients, even for the maneuver condition. The polars are 
deficient relative to the Zero Rate of Climb gradient drag, however. 



ALL ENCINE/CEAR UP POLAR - LOW REYNOLDS NUMBER WIND TUNNEL DATA 
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, FIGURE 18 









POLAR POINTS REQUIRED FOR CONTINUED APPROACH 


Since maximum landing gross weight is much less than maximum takeoff weight, the thrust-to-weight 
ratio is higher. This makes it easier to meet the climb gradient requirements associated with landing. 

On the figure below, only Continued Approach shows up, the required points for Approach and 
Landing Climb are below the s=0 line. Continued Approach requirements are with two engines 
inoperative but with gear up. Even so, the wind tunnel polars are better than required, even if the 
requirement had to be met with the higher drag touchdown flap. 



C t TRIM 


ALL ENCINE/CEAR UP POLAR - LOW REYNOLDS NUMBER WIND TUNNEL DATA 
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FIGURE 19 








DRAG EFFECTS ON NOISE 


Community noise is a critical and designing constraint on the HSCT. Reducing drag to improve the 
noise characteristics is one of our principal goals. Reduced drag contributes in a number of ways but 
also has some limitations as noted below. 


CLIMB 


• Reduced climb drag has only a small effect on sideline noise 

- Need operational techniques - programmed lapse rate (PLR) 

- Need improved engine design and noise supression 

• Reduced drag improves the climb profile: 

- More height gained by cutback 

- More acceleration along the flight path 

• Reduced drag allows a deeper cutback to lower thrust levels 

- Required climb gradient after spindown 

4% (all engine) 

or, if more critical 
0% ( engine-out ) 


APPROACH 

• Reduced drag lowers engine thrust required 

- Inlet may unchoke 

- Idle thrust may become limiting 

- Airframe noise may become more important 
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FIGURE 20 



NOISE SENSITIVITY AT CUTBACK AND APPROACH 


Cutback and approach noise conditions require lift coefficients of 0.5 to 0.6 and are close to the 
maximum drag efficiency for the wind tunnel polars with flaps programmed for minimum drag. 
Cutback noise is 50% more sensitive to improvements in drag than is approach noise. Some potential 
for reducing drag still exists. One to two EPNdb reduction may be possible. 



GEAR UP POLAR - LOW REYNOLDS NUMBER WIND TUNNEL DATA 
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FIGURE 21 



CONCLUSIONS 


This study had as its objective the identification of the lift and drag levels that were required to meet the 
performance requirements of tentative airworthiness standards established at the time of the USSST 
program in 1971 and that were important to community noise. Research to improve the low speed 
aerodynamic characteristics of the HSCT needs to be focused in the areas of performance deficiency 
and where noise can be reduced. Otherwise, the wing planform, engine cycle, or other parameters for 
a superior cruising airplane would have to be changed. 


• Operating the flaps in the most effective way along the low speed flight 
profiles significantly improves low speed performance and 

noise. 

• For this study configuration, relative to the tentative airworthiness 
standards being worked on in 1971: 

- Lift levels are achievable with programmed flaps 

- The critical drag conditions are first segment and zero rate 
of climb. 

• For this study configuration: 

- Cutback noise is more sensitive to drag reduction than is 

approach noise. 

- The potential exists for one to two EPNdb from drag 
reduction. 


1763 
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AGENDA 


The discussion topics are listed in this figure. The high-lift needs and 
related aerodynamic goals have been established in the recent system 
studies conducted for NASA. Next follows the status of the related 
high-lift database and available design and analysis methods. A summary 
of future high- lift technology requirements is presented followed by 
concluding remarks. 


Agenda 

High-Lift Needs 
Status 

Technology Requirements 
Conclusions 


Figure 1 



MDC HSCT BASELINE DESIGN AND MISSION REQUIREMENTS 

Current MDC HSCT baseline design and mission requirements are shown in 
this figure. There are 300 passengers in a three-class configuration, 
range is 5,500 nmi with 25-percent subsonic overland. The aircraft is to 
meet FAA Part 36 Stage 3 noise certification limits. The TOFL requirement 
is 11,000 ft. Note the significant portion of mission segments (indicated 
by a heavy line) where efficient low-speed, high-lift, and subsonic climb 
and subsonic cruise aerodynamics are required. Efficient subsonic 
characteristics are also required for all reserve segments to minimize 
reserve fuel requirements. 


D puglas HSCT Base line Design and Mission 

Requirements 

NUMBER OF PASSENGERS = 300 (3-CLASS) 

RANGE = 5,500 N Mi, TOFL = 1 1 ,000 FT (STD + 27F) 

FAR PART 36 STAGE 3 NOISE CERTIFICATION LIMITS 


MACH 1.6 -MACH 2.4 
SUPERSONIC CRUISE-CLIMB 


MACH 0.95 SUBSONIC 
CRUISE AT BEST 
IFR ALTITUDE 



1.7 MIN 
TAKEOFF -- 

12 MIN 
TAXI 


RESERVES- 


I 


(CONTINGENCY 
,6% BLOCK 

•fuel 

MACH 0.95 SUBSONIC 
CRUISE AT BEST 
IFR ALTITUDE 

1 MIN 

GO-AROUND 30M , N 

|FOR MISSED I I u 0 l n 

APPROACH J i Jj 

,500FT 


,500 N Mi DESIGN RANGE- 



00 N I 
ALTERNATE 
CRUISE 


Figure 2 
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REFERENCE NOISE CERTIFICATION POINTS 


Typical noise certification monitors at sideline, takeoff, and approach 
are shown in this figure. One of the objectives of the high-lift design 
is to improve aerodynamic efficiency so that the noise levels at these 
points are lowered. Results showing this effect are presented later. 


Reference Noise Certification Points where 
Efficient Hiah-Lift System is Required 
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Figure 3 





BALANCED AERODYNAMIC DESIGN 


To make the HSCT economically viable and environmentally acceptable, the 
challenge is to design an HSCT wing that optimally balances low-speed, 
subsonic, and supersonic requirements. The figure shows that there are 
many low-speed takeoff and approach, and subsonic climb and cruise 
aerodynamic goals. These goals will have to be met by an optimum wing and 
high-lift system. The basic supersonic L/D requirements will also have to 
be met. 


Balanc ed Aerodynamic Design is Required to 
Optimize Low-S peed. Subsonic, anrl 
Supersonic Performance 


ECONOMIC VIABILITY AND ENVIRONMENTAL ACCEPTABILITY 



HIGH L/D FOR SUBSONIC CRUISE 
HIGH UD FOR APPROACH 
HIGH C L FOR LOW APPROACH SPEED 
HIGH UD FOR RESERVE SEGMENT 


Figure 4 
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IMPACT OF HIGH-LIFT TECHNOLOGY 


The impact of high- lift technology on performance, noise, and stability 
and control are highlighted in this figure. Note that the high-lift 
system will have to be integrated with other performance enhancing 
technologies, e.g., LFC and noise reduction devices (such as 
mixers/ejectors) as these technologies mature. 


Impact of Hiqh-Lift Technology 


Performance 

• TOGW, engine size, TOFL, and approach speed are significantly affected 
by efficient high-lift capability. 

• High subsonic LVD reduces fuel burn weight) in the subsonic climb and 
cruise mode. 


Noise 

• L/D improvements reduce takeoff, community, and climb-to-cruise noise 
levels. 

Stability and Control 

• Leading-edge devices have a positive effect on longitudinal stability and 
lateral control effectiveness. 

Integration 

• Must be integrated with LFC and advanced engine nozzles. 
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Figure 5 


EFFECT OF HIGH-LIFT ON TOGW AND ENGINE THRUST 


The figure shows results of recent system studies indicating a significant 
increase in L/D (at appropriate takeoff conditions) due to optimum leading 
edge deflections. This increase in aerodynamic efficiency will provide 
corresponding reductions in takeoff thrust and TOGW. Note that for the 
tailed configuration that was analyzed, best trailing-edge deflections 
were about 10 to 15 degrees in the trimmed mode. 


Effect of Hiqh-Lift Settings 
at Takeoff 




THRUST 



MTOGW 



Figure 6 





EFFECT OF L/D ON SIDELINE, TAKEOFF, AND APPROACH JET NOISE 


The figure shows that for a given configuration, the L/D improvements can 
reduce the takeoff and approach noise levels. However, no significant 
reduction of sideline noise was obtained with the L/D increase. 


Effect of L/D on Sideline. Takeoff, and Approach 

Jet Noise 


PAW TURBINE BYPASS CYCLE WITH MIXER/EJECTOR 




Figure 7 
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SUBSONIC CLIMB AND CRUISE PERFORMANCE REQUIREMENTS 


As indicated earlier, there is a large segment of the mission where an 
improvement in subsonic aerodynamic efficiency is needed because 
25-percent of the range is being flown at subsonic conditions. The figure 
shows that a significant increase in L/D could be obtained with optimum 
leading-edge deflections at subsonic speeds. There is also a beneficial 
increase in Cl at which L/D maximizes when flaps are deployed. This 
means that the flap systems required for the low-speed, high- lift segment 
will also have to be deployed in the subsonic mode. We should include 
this requirement as part of the high- lift technology development. 


Subsonic Climb and Cruise 
Performance Requirements 


12 
10 
8 

L/D 

TRIMMED 

6 
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Figure 8 
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HSCT HIGH- LIFT AERODYNAMIC GOALS 

We have established aerodynamic goals for a desirable high-lift system 
based on recent system studies. The goals are presented for the takeoff, 
approach, and subsonic climb and cruise modes. It is believed that these 
goals are attainable within the expected 1998 technology availability 
date. An important aspect here is that if the wing and its high-lift 
system has to perform significantly better than certain minimum 
requirements, the wing planform may be compromised which may lead to a 
large penalty on the supersonic aerodynamic efficiency, this in turn will 
cause large weight and economic penalties. 


H$CT Hiqh-LTft A erodynamics Goals 

(T rimmed Conditions) 


Takeoff 


Approach 


Climb 


Ground Angle Limit 

> 

0.75 
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> 
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h 

> 

0.8 

(L/C) Approach 

> 
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> 

0.8 

(L/D)m = 0.5 xo 0.95 

> 
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Figure 9 



HSCT HIGH-LIFT TECHNOLOGY STATUS 


There is a good set of high- lift wind tunnel databases available for the 
past supersonic transport configurations. These data were mainly obtained 
at conventional wind tunnel Reynolds numbers. The flap design 
methodologies developed by Carlson, Frink, etc., at NASA Langley are 
quite useful to aerodynamic designers for guiding them toward optimum flap 
designs. The CFD codes will have to be calibrated for application to 
flowfields associated with HSCT wings and flaps. 


HSCT Hiah-Lift Technology Status 


• Extensive SST, SCAR, SCR, and AST databases are available. 

• Flap design methodologies (by Carlson, Frink, etc.) based on linear 
subsonic flows and L E suction/vortex lift corrections are available. 

• Navier-Stokes codes are available. Flowever, the codes and their 
turbulence models need to be calibrated and verified for their 
application to highly 3-D, vortex-dominated, separated flowfields. 


Figure 10 
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NASA 0.1 SCALE LOW-SPEED MODEL OF DOUGLAS AST CONFIGURATION 


An example of an available model for high-lift testing is shown here. This 
particular 0.1 -scale model is for the NASA/Douglas Mach 2.2 Advanced 
Supersonic Transport configuration, with the aspect ratio 1.84, leading-edge 
sweep 71/57-degree wing planform. The model has been tested in the Langley 
30'by 60-foot tunnel with a full wing/high-lift-system/tail/nacelle 
configuration. A plan for testing this model with new flaps is being 
formulated. 



ORIGINAL PAGE 
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Figure 11 


!! net: in i 


Normal Distance, z 


EXAMPLE OF N AV I ER -STOKES/ EULER CODES APPLICATION 


An example of MDC application of the CFL3D code in the Euler and 
Navier “Stokes modes for a delta wing is shown here. A good comparison of 
the predicted vortex location using the code with the test data is shown 
Further work is being done for the application of this and similar codes 
to the HSCT type planforms with flaps. 


Example of Navier-Stokes/Euler Codes 

Application 

Ref. MCAIR 90 - 021 

Medium Mesh, M m = 0.30, Re c = 1 x 10 6 , a = 2Q 6 


i 

c 0 

3 

a 

$ 

S 

I 


■ i Euler 

Laminar 

— — Turbulent 

Q Experiment 



Ptanform View 



Chordwlse Distance, x 
(No Vortex Burst Over Wing Surface) 


Side View 


m- ® - 


Chordwlse Distance, x 


Rear View 

Note: Scale increased 2x 





Spanwlse Distance, y 


Figure 12 
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HSCT HIGH-LIFT RESEARCH AND TECHNOLOGY AREAS 


Various high-lift research and technology areas for future work are listed 
in this figure. Each topic is discussed on the following pages. 


HSCT Hiah-Lift 

Research and Technology Areas 

• Innovative Concepts Verification. 

• Flap Design Methodology Application and Verification. 

• CFD Calibration and Application. 

• High Reynolds Number Testing. 

• Subsonic/Transonic Flap Optimization. 

• Flight Testing. 
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SOME CANDIDATE INNOVATIVE HIGH-LIFT CONCEPTS 


Some of the candidate innovative concepts are shown here. The vortex flap 
concept, apex fence, deployable canards/strakes, apex blowing, etc., have 
a potential for improving L/D, C^, and trim control to varying degrees. 
Some of these concepts have been tested by NASA in the past. Further work 
is required for a full assessment of the benefits and risks of each 
concept. 


Some Candidate Innovative High-Lift Concepts 



Figure 14 



APPLICATION AND VERIFICATION OF CURRENT L.E. FLAP DESIGN METHODOLOGIES 


The important area of applied methods development and verification is 
discussed in this figure. Douglas is currently applying the 
Carlson-Darden flap design and analysis codes and Frink vortex flap design 
code to the HSCT high-lift problem. The near-term objective is to select 
flap configurations for verification in the NASA Langley 30- by 60-foot 
tunnel with the NASA 0.1 model of the Douglas AST configuration. A 
parallel CFD application to the flap design process is also planned before 
final flap configurations are selected for advanced testing, e.g., high-Re 
testing. 


Application and Verification of Current 
L.E. Flap Design Methodologies 


j AST/SCR WIND TUNNEL MODELS | 

» 


♦ 

CARLSON-DARDEN ATTACHED 
FLOW METHOD SAER02, SWDES2 


FRINK VORTEX FLAP 
METHOD 

! . 

INTEGRATED FLAP DESIGN(S) 

NASA 1 0% MODF l X — 1 — ■ 

OF DAC AST f 


t 

I.^Xi^i'i WIND TUNNEL TEST 1 


C CFD 1 


FINAL L.E. FLAP DESIGN FOR INTEGRATION 
WITH HIGH LIFT SYSTEM 

♦ 

HIGH Re NO. VERIFICATION TESTING 


1782 


Figure 15 




CFD CALIBRATION AND APPLICATION NEEDS 


CPD calibration and application needs are listed in this figure. The 
codes and their turbulance models will have to be verified for their 
application to the complex 3-D viscous, vortex- dominated, separated 
flowfields. We need to agressively pursue this area so that the codes can 
be made available for the flap design process. The goal is also to be 
able to analyze full wing/body/ tail/nacelle configurations by the 
1995-1998 timeframe. These codes will also allow us to predict 
aerodynamic loads with vortex effects - a very improtant input to the 
structural design process. 


CFD Calibration and Application Needs 


• Understand complex 3-D viscous flowfield around low AR, high sweep 
wings with and without flaps. 

• Understand L E vortex development and breakdown. 

• Guide flap design process. 

• Study high Reynolds number effects. 

• Analyze full trimmed configurations (body, tail, and nacelle effects). 

• Predict aerodynamic loads. 


Figure 16 


1783 


HIGH REYNOLDS NUMBER RESEARCH AND TECHNOLOGY 


Areas of high Reynolds number research and technology development are 
shown in this figure. The HSCT full-scale Reynolds number in the takeoff 
and approach modes is typically on the order of 100-150 million based on a 
wing mean aerodynamic chord. Most of the test data are available at a 
conventional Re of about 4 million. The effect of higher Re will have to 
be simulated in the NTF , 12 foot, or 40- by 80-foot tunnels. These 
results will help in selecting candidate concepts for flight testing. 


High Reynolds Number 
Research and Technology Areas 

Understand dependency of vortex formation and leading-edge suction on 
wing leading-edge radius and Reynolds number (Re)'. ' ' " 

• Study effectiveness of flaps (L E and T E), strakes, and fences at high Re. 

• Study tail effectiveness at high Re. 

• Generate data for CFD code validation. 

Select final flight test configurations through parametric testing at high Re. 
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Figure 17 



SUBSONIC CLIMB/CRUISE FLAP OPTIMIZATION TECHNOLOGY 


As stated earlier, flap settings must be optimized and verified for 
subsonic climb and cruise to enhance performance. CFD and high-Re 
technology development activities should reflect this need. 


Subsonic ^Mmh/rriiise Flap Optimization 
Tpr.hnoloav Areas 

• Determine and validate optimum flap settings for subsonic climb and cruise 

• Apply CFD codes to the design process. 

• Verify designs through high Re testing. 


Figure 18 


1785 


ROLE OF FLIGHT TESTING IN THE HSCT HIGH-LIFT RESEARCH 

AND 

TECHNOLOGY DEVELOPMENT 

This figure addresses the role of flight testing in the high-lift research 
and technology areas. For many purposes, a high Reynolds number wind 
tunnel test may be quite sufficient. However, a cost-effective flight 
test could provide additional data beyond the wind tunnel testing. The 
flight testing could be the most appropriate means of simulating 
interactions between high-lift devices and an actual engine 
noise-reduction system. 


Bfi!e ~ aL£lj !!l )t i Te f tinf| in the Hiqh - Lift Beseamb 

g rid Tec hno logy Development 

Sorting out configurations. 

moments" 9 ^ controlled databases for pressures and forces and 

Fli9 r.hl Stin9 °1 airCr ? ft wilh appropriate AR and sweep can be suitable for' 

- Observing flow phenomena not simulated in the tunnels 

Nerference 0 63 " data wl,hout wall > 9 r °und, and support system 

- Validating final high-lift concepts. 

Simulating interactions between high-lift devices and annino 
no's® reduction systems (suppresses eSfmixem" 9 ^). 

f ° St effectlveness of either approach can be a major decision factor in 
scoping various technology development plans. 
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Figure 19 


HSCT HIGH-LIFT TECHNOLOGY DEVELOPMENT NEAR-TEHM PLAN 


An HSCT high- lift technology development near-term plan is shown in this 
figure. B1 and B2 represent updated 1991 and 1992 baselines with their 
respective optimized wing planforms and engine cycles. In additon to the 
innovative high-lift concepts verification, the Carlson's and Frink's 
linear methods will be applied for flap designs in the near term. The 
long-term plan is to apply CFD to the wing (W) and its flaps by 1992, 
followed by its application to the wing-body (WB) and a full B2 baseline 
configuration. Most of the wind tunnel test verification may be required 
for the B2 configuration. However, there may be a need for an interim 
small-scale testing of the B1 configuration. The final configuration 
validation testing may involve some flight-testing and/or 40- by 80- foot 
wind tunnel testing. 


HSCT HIGH-LIFT TECHNOLOGY DEVELOPMENT NEAR-TERM PLAN 



Figure 20 
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CONCLUSIONS 


Some general concluding remarks are made in this figure. It is believed 
that with an aggressive technology development effort, the high- lift 
aerodynamic goals can be met. 


Conclusions 


• Efficient high-lift, high L/D system for HSCT is required to minimize 
TOGW, improve economics, and help meet noise goals. 

• Optimum flap settings will be required to operate at max L7D in the 
subsonic climb and cruise segments. There is a scarcity of database in 
this area. 

• Future enabling technology/research needs include verification of new 
high-lift designs, aggressive CFD application, flight test verifications, 
and high Reynolds number testing. 
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Figure 21 


Session XII. High Lift 


Lift Enhancement by Trapped Vortex 
Vernon J. Rossow, NASA Ames Research Center 
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Efforts are continuously being made to find simple ways to convert wings of aircraft from 
an efficient cruise configuration to one that develops the high lift needed during landing ami 
takeoff. The high-lift, configurations studied here consist, of conventional airfoils with a trapped 
vortex over the upper surface. The vortex is trapped by one or two vertical fences that serve 
as barriers to the oncoming stream and as reflection planes for the vortex and the sink that 
form a separation bubble on top of the airfoil. Since the full three-dimensional unsteady flow 
problem over the wing of an aircraft is so complicated that it is hard to get an understanding 
of the principles that govern the vortex trapping process, the analysis is restricted here to the 
flow field illustrated in the first slide. It is assumed that the flow field between the two end 
plates approximates a stream wise strip of the flow over a wing. The flow between the endplates 
ami about the airfoil consists of a span wise vortex located between the suction orifices in the 
end plates. The spanwise fence or spoiler located near the nose of the airfoil serves to form 
a separated flow region and a shear layer. The vorticity in the shear layer is concentrated 
into the vortex by withdrawal of fluid at the suction orifices. As the strength of the vortex 
increases with time, it eventually dominates the flow in the separated region so that a shear 
or vortical layer is no longer shed from the tip of the fence. At that point., the vortex strength 
is fixed and its location is such that all of the velocity contributions at its center sum to zero 
thereby making it an equilibrium point for the vortex. This presentation describes the results 
of a theoretical analysis of such an idealized flow field. 


WING WITH TRAPPED VORTEX 
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I his slule presents a two-dimensional idealization of the experimental configuration pre- 
sented in the previous slide that will he used in the theoretical analysis. A large trap pod -vortex 
huhhle is shown over the airfoil to emphasize the Tact, that the analysis is most interested in 
those configurations wherein the vortex huhhle covers a large fraction of the upper surface of 
the airfoil. If such a flow field can he established, the lift enhancement by the trapped vortex is 
substantial enough to yield lift coefficients that are in the range of the value, C ( = G, shown in 
the slide. The two-dimensional flow field is assumed to be inviscid and incompressible so that 
it can lie lepiesented by potential flow theory. Conformal mapping techniques can then lie 
used to develop the desired flow -field configuration from the flow about a circular cylinder. A 
substantial advantage of the conformal mapping technique is that it yields directly the location 
of the equilibrium point for the center of the vortex/source combination, the circulation T 
or the vortex, and the source strength, m. Knowlege of T and ifi then yield the lift due to the 
f lapped voitex and the drag attributed directly to the trapping process which is designated 
by Q. As indicated in the slide, the flow is assumed to depart smoothly from the tip or the 

fence aiul from the trailing edge of the airfoil in order to satisfy the Kutta condition at those 
locations. 

I he single fence case was first studied. Ref. 1, in order to gain an understanding of the 
natuie of the How field and to obtain an estimate of the magnitude of lift enhancement that 
can lie achieved by means of a trapped vortex. 

Ref. I. Rossow. Vernon J.. “Lift Enhancement by an Externally Trapped Vortex". AIAA 
Journal of Aircraft, Vol. 15. No. 9, Sept. 1978. pp.618-625. 
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The results presented here for the single fence case illustrate the location of the equi- 
librium point for the vortex /source combinations for several different fence lengths ami lift 
coefficients. It is to be noted that the lift coefficient has been specified but the downstream 
extent of the vortex bubble has not been fixed. It was assumed that the length of the fence 
and location of the equilibrium point would be enough to fix the size of the vortex bubble. 
However, when experiments were conducted in a water channel, it was found that a trapped 
vortex could be formed in some cases but that a large amount of fluid had to be withdrawn 
bom the center of the vortex. to not only form the vortex but also to sustain it. This result 
was predicted by the theory through the magnitude of the sink required to achieved an equi- 
librium condition at the center of the vortex. Not immediately apparent is the fact that the 
sink flow also respresents a drag that is attributable to the vortex trapping process. It was 
then reasoned that not only is the drag undesirable, but a large amount of fluid moving along 
the vortex core can disrupt the vortex formation and, if large enough, can actually occupy the 
entire trapped vortex region at spauwise stations near the wingtip where the core flow spills 
into the free stream. Research was then started on finding ways by which the mass flow at 
the source/ vortex location could be made to vanish. 


LOCATIONS Of EQUILIBRIUM, POINTS IN AIRFOIL PLANE 
/9 rk • -0.76 rod, i f| ■ 0.06c, « • OJ rod 
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A mechanism whereby the source flow can he made to vanish and still have an equilibrium 
point. Tor t he vortex is illustrated here. The two-fence trapped-vortex configuration in the lower 
part of the figure is divided into three separate flat-plate boundaries. In the first, the horizont al 
flat plate serves as a reflection plane with an image vortex below the surface which induces 
an upstream velocity on the vortex that is exactly equal to the oncoming free-stream velocity. 
Mbs configuration yields an equilibrium point without a source but requires a fence of some 
sort to promote the formation of the vortex. A fence upstream of the vortex provides the shear 
layer mentioned previously that builds the circulation in the vortex. The vertical boundary 
also induces an upward velocity through the influence of the image vortex needed to make 
the surface a streamline. The upward velocity due to the front fence needs to be offset by a 
sink located beneath the horizontal plane if some other artifice is not used to bring about an 
equilibrium condition. Such an artifice is available as a fence downstream of the vortex. As 
indicated in the figure, the image vortex for the rear fence induces a downward velocity on 
the vortex. Therefore, if the vortex to be trapped is midway between two vertical surfaces of 

about the same size, an equilibrium condition is achieved for the vortex without the presence 
of a source or sink. 

The two-fence concept does several things for the flow field. First, it makes it possible to 
trap a vortex at its equilibrium location without the use of a source or sink. The front fence 
serves as an upstream limit on the trapped-vortex flow field and as a means Tor generating 
a shear layer that supplies vorticity to the vortex. The second fence serves as a downstream 
limit on the size of the vortex bubble and as a reflection plane for the vortex so that trapping 
can be achieved without the need for a source or sink. Since a source or sink is not required 
for the establishment of an equilibrium point, the drag due to vortex trapping is negligible 
which means that efficient lift enhancement has been achieved. Another big advantage is that 
the flow along the core of the vortex is also negligible making it much easier to establish and 
maintain the vortex flow field. Mass removal from the core is then only necessary to establish 
the voitex and to remove low energy fluid generated by viscous losses. 


TWO-FENCE CONCEPT 



on 
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Before* proceeding to airfoil- type trapped-vortex configurations, consider the simple case 
wherein a vortex is trapped over an infinite plane. As mentioned previously, a source is not 
needed in order to achieve ail equilibrium condition. In practice however, fences are needed 
to fix the upstream and downstream extents of the vortex bubble and to provide a separated 
How region with a shear layer to supply the vorticity that builds into the circulation for the 
vortex. Fences can be added to the flow field without disturbing the equilibrium condition or 
the streamline pattern if the fences are placed upstream and downstream of the vortex on the 
surface of the vortex bubble as shown in the lower part of the figure. If the fences are thin ami 
(it. or conform to, the surface of the vortex bubble, the flow field characteristics are unchanged 
by addition of the fences. A number of the solutions to be presented will be noted to have 
only one fence that is flat and that is needed to make 'lii = 0. The other fence is assumed to 
be of the conforming type that fits the vortex bubble so closely that no appreciable change in 
the flow field is brought about. 




■- Image and phyaical streamline* for trapped vortex flow Add. 
b. Fence* fore and aft that conform to shape of vortex separation bubble. 


1796 



The procedure that, was used to calculate the trapped- vortex (low field over an airfoil 
wherein a source or sink is not needed is illustrated in the figure below. The first step in the 
procedure is to calculate the flow field when only the front and rear stagnation points of the 
vortex Unhide are specified. In such a case, the vortex bubble is assumed to have conforming 
fences that do not. interfere with the equilibrium condition. Under those conditions, if a sink is 
required in order to achieve an equilibrium condition for a source/ vortex combination as shown 
in the upper figure, the height of the roar fence (which is approximately flat) is increased in 
steps until the sink flow is negligibly small. The sink flow is highlighted in the upper figure 
by cross-hatching the stream tubes entering the sink. When the proper height, of the flat plate 
rear fence has been found by such an iterative process, it. is retained as the most efficient, or 
m = 0, solution for a vortex bubble of a specified size and location on an airfoil at a given 
angle of attack. Conversely, if the flow field solution for the conform ing-fence geometry had 
required a source rather than a sink, the height of a flat front fence would have been increase 
until ih = 0. The foregoing procedure was used to obtain all of the m = 0 trapped -vortex 
solutions presented here. 


W CONFORMING FENCES ONLY 



(b) CONFORMING FRONT FENCE 



». No fence*; ft ,/ e - 0,ftj/e = 0; * -0.197, Vpm m +0.216, TfcU~ - -1.749, 

r./cP- - +0.869, m/eU m - -0.054; C L - 1.761, C D - 0.108. 

b. Bear fence jn*t large enough to reduce m to rero. ft,/c m 0,ftj/c * 0.114; m 
—0.165, « +0.332, T/eU m - -11886, r./el7„ - +0.998, m/eP m - 0.0; C L - 1.777, 

Co > 0.0. 

Vortex trapped on Clark Y airfoil (NACA 4412); a ■ 0.1. 



In order to obtain a data set of solutions that can be used to study the characteristics 
of airfoils with trapped vortices, a sequence of ;b = 0 cases were calculated for the flow over 
an NACA 4412 (or ( -lark V) airfoil at angles of attack from n — —4° through a = +12° in 
increments of 2°, Since the streamlines for the various solutions do not change very much, 
only the solutions for n = +4° are presented on this slide. The various solutions differ from 
one another in that the size of the trapped-vortex bubble increases gradually from zero to a 
size that nearly covers the entire upper surface of the airfoil. It could be imagined that the 
sequence of figures represents a stream wise cross-section of the flow field as the wing is changed 
from its cruise configuration (i.e., no vortex) to the vortex-bubble size (and lift) needed for 
landing. Conversely, when the aircraft takes off, the fences are first deployed so as to develop 
the size of trapped-vortex needed for high lift. As the aircraft becomes airborne ami increases 
its flight, velocity, the fences are changed so that the vortex bubble shrinks in size progressively 
until the cruise configuration is achieved. 


STREAMLINE plots for range of 
VORTEX VORTEX BUBBLE SIZES 






The various characteristics of the trapped -vortex airfoils are now presented. The first 
parameter illustrated is I lie height, of the flat fences used to bring about the fir == 0 condition. 
The parameters that, are used to define the chordwise extent of the vortex bubble are shown 
in the inset figure. The chordwise beginning or front of the bubble, ;r /, is taken as the 
intersection of the bubble or fence surface with the tipper surface of the airfoil. Similarly, the 
rear or downstream end of the vortex bubble. ;r r . is defined as the point where the bubble 
surface intersects the surface of the airfoil. It is noted that a flat fence length of about 0.1c 
is required in order to obtain a vortex bubble that covers 26% of the airfoil. A flat fence 
length of about 0.2c produces a vortex bubble that covers about half of the airfoil surface. 
This figure and the previous one clearly show that the size of the vortex bubble is largely 
controlled by the spacing between the front and rear fences. The height of the fences that are 
flat and do not conform to the shape of the vortex bubble govern the magnitude of the source 
or sink needed for equilibrium and are used to make ?i? = 0. Conforming fence portions of a 
certain length will likely also be necessary in practice to produce the shear layer needed for 
the development of the vortex and to control the physical limits of the vortex bubble. The 
present study does not include a study of the size of conforming fences that are needed. 


LENGTH OF FENCES REQUIRED FOR ZERO SOURCE STRENGTH 


cmonnhmi man orvomu mm, 
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The* lift coefficient, developed by the various trapped- vortex configurations is presented 
on this slide for the range of vortex bubble sizes that were studied. It is noted that the lift 
increases slowly at first as the size of the vortex bubble increases from zero. At the larger 
vortex sizes, the lift changes rapidly with the size of the vortex bubble. Also to be noted is 
that not all of the curves end at the large vortex bubble sizes. The computations indicate 
that it is not possible to find an equilibrium point for 777 = 0 in certain cases. Although a 
physical reason for the solution failure was not found, it. seems reasonable that fence heights 
above certain values should not be possible solutions because the fences begin to interfere 
with the vortical flow field and cause it to become too distended in the vertical direction. An 
explanation or criterion for the fence lengths above which solutions can no longer be found 
was not found. 

Even a casual look at the curves of lift as a function of bubble size suggests that the 
curves are about of the same shape and that they might possibly collapse to a single curve if 
the lift increment due to the trapped vortex is plotted as a function of the size of the vortex 
bubble, (;r r — Those results are presented on the next slide. 


LIFT COEFFICIENT AS A FUNCTION OF VORTEX BUBBLE SIZE 
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The data on the previous slide collapses to a single curve only for the smaller values o 
— xj )/r. As the vortex bubble size increases the differences between the curves in< reuses, 
L'ven though the curves all have about the same shape. Manipulation of the various paramo to is 
might provide a better correlation of the data but was not tried. 


INCREMENT IN LIFT COEFFICIENT DUE TO TRAPPED VORTEX 





In order lo demonst rate that, the lift responds in the conventional way to angle or attack, 
this slide presents the lift produced as a rnnetion of angle of attack Tor various sizes of the 
t rapped- vortex bubble. It is noted that the variation of lift with angle of attack Tor Imhhle 
sizes that are G()% or less of the chord are approximately linear with angle of attack. The 
slope of the lift curves increases with increasing size of the vortex bubble but not dramatically. 
I he.se lesnlts indicate that trapped-vortex airfoils have a conventional response to angle of 
attack. The figure also provides an estimate of the reduction in angle of attack that can be 
achieved by adding a. trapped vortex to the flow field over the airfoil. For example, addition 
of a trapped vortex that covers 2G% of the airfoil, permits about a 4° reduction in angle of 
attack for a given section lift coefficient. 


LIFT COEFFICIENT AS A FUNCTION OF 
ANGLE OF ATTACK 
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The pitching moment about the quarter-chord location is expected to vary greatly when 
the vorlex huh hie is large and moves aft. Even though an attempt was made to keep the 
center of the vortex bubble at about the same chordwise station, the pitching moment is seen 
to become quite large. Latitude is available, however, for placing the vortex bubble fore or aft 
on the airfoil to influence the pitching moment-see next slide. 


PITCHING MOMENT COEFFICIENT VS. ANGLE OF ATTACK 



*-n n 



In this particular sequence of trapped- vortex cases, the size of the trapped-vortex bubble 
is held approximately constant as the chordwise location of the bubble is move aft in a series 
of steps from a very forward location. The cases presented illustrate some of the latitude that 
is available for manipulating the characteristics of the airfoil. 


STREAMLINE PLOTS FOR RANGE OF CHORDWISE LOCATIONS 

OF VORTEX BUBBLE 
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The characteristics of the trapped- vortex cases presented on the previous slide are sum- 
marized here. As expected, the pitching moment can he made as small as desired by moving 
the vortex bubble forward. The lift generated by the trapped vortex does decrease with the 
more forward location but not disastrously. The minimum height or length of the flat fences 
also changes a bit with the location of the trapped vortex but not by a large amount. 


AIRFOIL CHARACTERISTICS FOR RANGE OF 
CHORDWISE LOCATIONS OF VORTEX BUBBLE 



1805 


The foregoing slides provide an overview of the characteristics of one airfoil shape which 
has its lift enhanced by a trapped vortex flow field. Results for other airfoil shafts will differ 
in detail but will genenerally have much the same character. This information provides the 
beginning steps in the fulfillment of the objective of the research which is to find the necessary 
and sufficient conditions for vortex trapping. Not only should the vortex trapping he efficient 
and effective for two-dimensional (or airfoil) situations but also in the three-dimensional or 
wing situations. Furthermore, the trapped- vortex configurations should be efficient, easy to 
produce and maintain and not too onerous to implement on actual aircraft. Willi these 
guidelines for the research program, it is concluded from the investigation presented here 
that vortex trapping in two-dimensions is reaching a point of good understanding. More 
detailed studies not only with conformal mapping methods but also with other methods need 
to be carried out to fill out the characteristics of trapped-vortex airfoils. As noted in the 
items listed below, the most pertinent contributions of the present study to date include the 
introduction of a second fence to help control the characteristics of the trapped-vortex flow 
field. In particular, the use of fence curvature and height to bring about the equilibrium or zero 
velocity condition at the center of the vortex with negligible mass removal from the vortex core 
makes the trapped-vortex high-lift, concept an efficient one. In this way the two-fence concept 
provides the necessary tools in two-dimensions at. least for producing efficient easily formable 
high lift airfoils. The other conclusions listed below are essentially self explanatory. It should 
be remarked, however, that the steps from two- to three-dimensions will require some good 
ideas if the trapped-vortex flow fields are to be realized on real wings wherein only the local 
flow fields are used as the suction needed for evacuating the vortex core. The special suction 
orifices used in two dimensions will not then he needed. Encouragement is provided however,' 
by the success achieved with the two-dimensional results and it is believed that comparable 
success can be achieved with three-dimensional configurations. 


CONCLUSIONS 


1. TWO DIMENSIONAL RESULTS INDICATE THAT TRAPPED 
VORTICES CAN PROVIDE LARGE AMOUNTS OF LIFT 
ENHANCEMENT. 

2. AN UPSTREAM AND A DOWNSTREAM FENCE APPEAR 
TO BE NECESSARY PARTS OF THE TWO-DIMENSIONAL 
TRAPPING PROCESS. 

3. FENCE HEIGHTS MUST BE ADJUSTED SO THAT SOURCE 
STRENGTH IS ZERO IN ORDER TO PROMOTE VORTEX 
FORMATION AND TO REDUCE DRAG. 

4. ADDITIONAL DESIGN GUIDELINES WILL NO DOUBT BE 
NEEDED FOR VORTEX TRAPPING ON WINGS IN THE 
FULL THREE-DIMENSIONAL ENVIRONMENT. 
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OBJECTIVES OF THE F-16XL SUPERSONIC LAMINAR FLOW CONTROL 

EXPERIMENT 


Successful application of laminar flow control to a High Speed Civil Transport (HSCT) 
offers significant benefits in reductions of take-off gross weight, mission fuel bum, cruise 
drag, structural temperatures, engine size, emissions and sonic boom ( refs. 1-3). The 
ultimate economic success of the proposed HSCT may depend on the successful adaption 
of laminar flow control, which offers the single most significant potential improvement in 
L/D of all the aerodynamic technologies under consideration. TTie F-16XL Supersonic 
Laminar Flow Control (SLFC) Experiment was conceived based on the encouraging 
results of in-house and NASA supported industry studies (refs. 1-3) to determine if laminar 
flow control is feasible for the HSCT. The primary objective, as illustrated in figure 1, is 
to achieve extensive laminar flow (50-60 percent chord ) on a highly swept supersonic 
wing. Data obtained from the flight test will be used to validate existing Euler and Navier 
Stokes aerodynamic codes and transition prediction boundary layer stability codes. These 
validated codes and developed design methodology will be delivered to industry for their 
use in designing supersonic laminar flow control wings. Results from this experiment will 
establish preliminary suction system design criteria enabling industry to better size the 
suction system and develop improved estimates of system weight, fuel volume loss due to 
wing ducting, turbocompressor power requirements, etc. so that benefits and penalities can 
be more accurately assessed. 


F-16XL SHIP 2 SUPERSONIC LAMINAR FLOW 
CONTROL EXPERIMENT 


OBJECTIVES 


• Achieve 50-60% chord laminar flow on a highly swept wing at supersonic 
speeds 


• Deliver validated CFD codes and design methodology to industry for 
designing supersonic laminar flow wings 


• Establish initial LFC suction system design criteria to allow industry to 
more accurately integrate concept into HSCT and determine benefits 
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F-16XL SUPERSONIC LAMINAR FLOW CONTROL FLIGHT TESTING 


There are two F-16XL aircraft involved in supersonic laminar flow flight testing. The F- 
16XL was chosen for the experiment because it has a highly swept cranked wing planform 
that closely resembles the HSCT configurations proposed by industry. The inboard section 
of the wing is swept 70 degrees, while the outboard section is swept 50 degrees. The 
F-16XL Ship 1 has a single place cockpit (see figure 2) and is currently being utilized in a 
cooperative laminar flow control flight test program involving North American Rockwell 
International and NASA. The objectives of the Rockwell/NASA program are to develop 
and validate CFD methodology and demonstrate that laminar flow is achievable to a limited 
chord extent on a highly swept wing at supersonic speeds. The laminar flow control test 
article on Ship 1 is considerably smaller in span and chord extent as compared to the 
planned NASA experiment on Ship 2, thus extensive laminar flow will not be demonstrated 
on Ship 1. Also, the airfoil section and pressure distribution on the Ship 1 test article is 
different than that planned for the NASA experiment on Ship 2. Flight testing began on 
Ship 1 in May, 1990. Flight data obtained from Ship 1 has proven to be very informative 
and useful in reducing the risk for the NASA Ship 2 experiment. Ship 1 flight data is 
being utilized to calibrate Euler and Navier Stokes codes and boundary layer stability 
codes. F-16XL Ship 2, which has a two place cockpit, as shown in figure 2, arrived at 
DFRF in February, 1991 and is being instrumented for flight testing. 


■£» Supers onic laminar flow control fug ht testing 




Rockwell NASA Test 


Test Article 


Single Place Cockpit 
F10CMPW-200 Engine 


M6XL Ship 2 NASA Experiment 
High Speed Research Program 
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j Objectives: 

* Achieve 50-80% Chord laminar Flow on a Highly Swept 
j Wing at Supersonic Speeds 

| * Deliver Validated CFD Codes and Design Methodology 
1 to Industry tor Designing Supersonic Laminar Flow Wings 

* Establish Initial LFC Suction System Design Criteria 


Objectives: 


• Develop and Validate CFD Methodology 

• Demonstrate laminar Flow Achievable on 

a Highly Swept Wing at Supersonic Speeds 
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NASA / INDUSTRY TEAM APPROACH ON THE F-16XL SLFC EXPERIMENT 

To cany out the F-16XL experiment, NASA has structured a combined NASA / Industry 
team approach to take advantage of the broad LFC experience base within Industry and 
NASA (see figure 3). NASA Langley has overall responsibility for management of the 
program, based on its proven LFC technology expertise and integration capabilities 
established over numerous successful laminar flow flight programs. Langley is also 
responsible for Navier Stokes and Euler code validation, transition prediction methodology 
through both boundary layer stability code development and validation and transition 
experiments with swept model tests in the Supersonic Low-Disturbance Pilot Tunnel, and 
advanced measurement systems. NASA Dryden is responsible for aircraft readiness, 
instrumentation, test techniques and flight testing. NASA Moffett is responsible for 
Navier Stokes and boundary layer stability code validation, transition experiments in a 
planned low disturbance supersonic wind tunnel, and advanced measurement systems. 

The industry team which has laminar flow control flight experience consists of Boeing, 
Douglas and Rockwell. These three companies are also participating in LFC technology 
studies for NASA. Industry involvement is essential to ensure practical, relevant LFC 
technology is developed and validated and to ensure rapid transfer of the technology to 
application. A contractor to be chosen in a competitive procurement will be responsible for 
the design, fabrication and installation of flight test hardware and associated systems on the 
F-16XL Ship 2. 

NASA / INDUSTRY TEAM APPROACH 
ON F- 16 XL SLFC EXPERIMENT 


NASA Langley 

Team Leader 

LFC Technology Integration 
CFD ( Code Develop., Validation) 
^Transition Physics ( SS Quiet Tunnel) 
Advanced Meas. Systems 


NASA Drvden 

Aircraft Readiness 
Instrumentation 
Test Techniques 
Flight Testing 


Supersonic 
Laminar Flow 
Control Technology 


Industry 

Boeing (757, Studies) 
Douglas (Jetstar, Studies) 
Rockwell (F-16XL-1, Studies) 


NASA Moffett 

CFD ( Code Validation) 
k Transition Physics (Planned Quiet T.) 
Advanced Meas. Systems 
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SCHEDULE FOR THE F-16XL SUPERSONIC LAMINAR FLOW 
CONTROL EXPERIMENT 

The activities leading to the eventual flight experiment on the F-16XL-2 are shown in figure 
4. F-16XL-2 arrived at DFRF in February, 1991 and is currently being instrumented for 
flight testing. Prior to the actual Ship 2 suction panel laminar flow control experiment, 
there is a need to reduce the risk to the experiment by developing key technologies through 
industry studies, obtaining flight and supersonic wind tunnel data for design criteria and 
code calibration, and evaluating advanced instrumentation. The initial series of 
Rockwell/NASA Ship 1 flight tests will be completed and followed by proposed NASA 
tests to determine suction level-laminar flow sensitivities and obtain other useful data. 
Leading-edge passive gloves will be flight tested on Ship 2 to obtain attachment-line design 
criteria and surface pressure and transition location data for code calibration. Swept wing 
suction and non-suction models will be tested in supersonic low disturbance tunnels to 
obtain attachment line and crossflow stability data for comparison with flight data and 
establishment of design guidelines. The CFD code validation effort will be a continuing 
refinement process as flight and wind tunnel data become available. The request for 
procurement (RFP) package will be released in June 1991 with award expected in April 
1992. The contractor chosen will be responsible for designing, fabricating and installing 
the test hardware and related suction system. Flight testing to demonstrate achievement of 
extensive laminar flow is scheduled to conclude in late FY95. 

F-16XL SLFC EXPERIMENT SCHEDULE 


FY91 FY92 FY93 

A/C PREPARATION 

A/C Delivery (Ship 2) 

Instr. Instl., Eng. Tests 

TECHNOLOGY 

Rockwell / NASA Ship 1 Fits 

NASA Ship 2 Flights 

Industry Studies 


NASA SS Low Disturbance 
Tunnel Experiments 

CFD Code Validation 

Advanced Meas. Systems 

SLFC FLIGH T EXPERIMENT 

Procurement Process 
Design 
Hardware Fab 
Installation 
Flight Test 
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F-16XL-2 LEADING EDGE PASSIVE GLOVE(S) 


Proper design of the leading-edge region is crucial to ensure control of spanwise leading- 
edge turbulence contamination, and to prevent unacceptable growth of both attachment line 
boundary layer disturbances and crossflow disturbances. This design process will involve 
careful tailoring of the leading edge radius and local suction level. There is limited leading- 
edge transition data available at supersonic conditions, so a non-suction leading-edge 
passive glove will be designed and flight tested on Ship 2 to provide needed design criteria 
and reduce the risk for the NASA experiment (see figure 5). Momentum thickness 
Reynolds number (Rtheta) limits for transition of the attachment line with no suction will be 
obtained and compared with theoretical calculations. Transition on the upper surface due to 
crossflow will also be determined for a range of leading-edge surface pressure 
accelerations. The transition and surface pressure data will be used to calibrate stability and 
CFD codes and improve existing transition prediction methods. The passive glove tests 
will also provide the opportunity to evaluate advanced measurement methods, such as 
multi-element sensors, improved anemometers and flow visualization techniques. Both 2D 
steps and 3D roughness effects on leading-edge laminar flow will be explored to provide 
design criteria for suction panel joints and acceptable insect accretion height. It may be 
possible to provide the needed flight data with one passive glove operating at both design 
and off-design conditions, however, if required and the schedule permits, a second glove 
could be evaluated. 


F- 16 XL LEADING-EDGE PASSIVE GLOVE(S 


Objectives: 

• Obtain attachment line design criteria 

• Measure leading-edge pressures and 
transition location for code calibration 

• Evaluate measurement methods 

• Determine effects of 2D & 3D roughness, 
steps, on laminar flow 

• Evaluate methods for diverting attachment 
line turbulence contamination 


Attachment 
and Crossflow 
Multi-Element Sensor 

Foam 
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F-16XL-2 SUPERSONIC LAMINAR FLOW CONTROL EXPERIMENT 

The NASA experiment will involve flight testing an active suction panel(s) to achieve 
laminar flow to 50-60 percent chord, as illustrated in figure 6. The test article will be 
designed to achieve laminar flow over a range of Mach numbers and altitudes to provide 
laminar flow data for a wide variation in pressure distributions, unit Reynolds number , 
and attachment line conditions. Suction flow rate level and distribution will be varied in 
flight to determine the sensitvity of laminar flow extent to changes in suction flow, pressure 
distributions and Reynolds numbers. These flight data will be extremely valuable in 
validating the Euler and Navier Stokes codes and the boundary layer stability codes. These 
validated codes will enable the establishment of a design methodology for designing 
supersonic laminar flow control wings which will be delivered to industry for their use. 

Data from the experiment should also provide preliminary estimates for LFC system sizing 
to allow Industry to more accurately determine the benefits and penalties of LFC. 

It is important to recognize that the F-16XL SLFC Experiment is an aerodynamic feasibility 
experiment and not a technology demonstration program. Before industry will implement 
laminar flow control on a HSCT, a high confidence level in such areas as performance, 
cost, reliability, maintainability, safety, system and structual integration, etc. must be 
demonstrated. To achieve these goals, a parallel NASA / Industry program must be 
developed and initiated in the near future to address those critical technologies not being 
pursued in the F- 1 6XL SLFC Experiment. 

F-16XL-2 SUPERSONIC LAMINAR FLOW CONTROL 

EXPERIMENT 



ACCOMPLISHMENTS 


In the past year, there have been many significant accomplishments in the program, as 
shown in figure 7. Flight data on the F-16XL- 1 has been obtained and is being used to 
calibrate Navier Stokes and boundary layer stability codes. Navier Stokes solutions of the 
complete F-16XL configuration have been obtained with several codes. A re-start of 
testing on the F-16XL-1 is planned in the near future to map out the transition front across 
the test article for a range of flight conditions. Planning for NASA follow on F-16XL-1 
tests is underway also. The F-16XL-2 vehicle arrived at DFRF in February and is now 
being instrumented for flight testing. A NASA sponsored study performed by DAC 
indicated the feasibility of achieving 60 percent chord laminar flow on F-16XL-2. A 
leading-edge passive glove design for the F- 1 6XL-2 is underway and is scheduled for 
testing in early calendar year 1992. Blockage models were successfully tested in the LaRC 
Supersonic Low-Disturbance Tunnel and a non-suction thin-skin instrumented model is 
being fabricated for testing in July, 1991. Thin-film micro-element sensors were further 
developed, tested in several wind tunnels and designed/fabricated for the F-16XL leading- 
edge. The F-16XL RFP procurement package was prepared with release scheduled for 
June 1991. Industry technology study tasks have been identified and are being 
implemented to address "technology holes". 


A CCOMPLISHMENTS 

• Rockwell / NASA F-16XL-1 flight data obtained, tests nearing re-start 

• Plans for follow-on F-16XL-1 tests being finalized 

• Navier Stokes F-16XL-1 solutions obtained, codes being calibrated 

with flight data 

• F-16XL-2 arrived February, 1991 at DFRF, instrumentation being 

installed 

• DAC study indicated feasibility of achieving 60% c laminar flow on 

F-16XL-2 

• Passive glove design for F-16XL-2 tests underway 

• Non-suction model for LaRC SS Low-Disturbance Tunnel being 

fabricated, testing begins July 1991 

• Micro-element sensors developed and tested in wind tunnels, 

designed and fabricated for F-16XL 

• F-16XL-2 RFP procurement package being prepared, release 

scheduled for June 1991 

• Industry technology study tasks being initiated to address 

" technology holes" 
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SUMMARY 


NASA has carefully tailored the program to achieve a balance of bo* NAS A and 
participants to take advantage of the laminar flow control expertise available There is also 
a proper mix of computational effort, ground facility experiments, and flight te §• § 

teKth the Rockwell laminar flow control test article on F-16XL-1 is providing useful 
data that will reduce the risk for the F-16XL-2 experiment. Leading-edge PJj^ve ^glove 
tests on F-16XL-2 will provide attachment line design cntena and code calibration data that 
will add confidence to the design process for the suction panels. The RFP for the design, 
fabrication and installation of suction panels) and ^ 

scheduled for release to industry in June 1991 and award in Apnl 1992. Flight testing ot 
the active suction panel(s) will be conducted in 1995. 



SUMMARY 


• Program has a balance of participants and technologies 

- NASA- industry roles 

- CFD, wind tunnel tests, flight tests 

• Rights with F-16XL-1 have been, and continue to be, informative & will 

reduce risk for F-16XL-2 experiment 

• Passive glove testing on F-16XL-2 will provide attachment line criteria 

and code calibration data 

• Plan to issue RFP to industry for design, fabrication and installation of 

suction panel(s) and associated suction hardware in June 1991 

• Flight test active suction panel(s) in 1995 
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. -INTRODUCTION 


The high fuel fractions required for long range supersonic 
airplanes give significant leverage to technologies for cruise drag 
reduction such as Laminar Flow Control (LFC). Fuel burn benefits are 
further enhanced when sizing effects are considered. These effects 
may even be powerful enough to reduce airplane production cost over a 
turbulent baseline. This is an important goal for LFC technology 
development . 

The intent of this paper is to present the results of recent 
aerodynamics studies on the application of Laminar Flow Control (LFC) 
technology to the highly swept wings of supersonic airplanes. 
Important questions of applicability, realistic benefit, and critical 
application issues were addressed in a NASA- sponsored study conducted 
by MDC in 1987-88 (ref. 1). Figure 1 outlines the major thrusts of 
that study, the centerpiece of which was the Mach 2.2, 308 passenger 
airplane shown. More recent efforts, aimed at establishing the 
feasibility of demonstrating extensive Laminarization on the F-16XL-2 
airplane, are also summarized in this paper. 



Feasibility 

Realistic Benefit 

Critical Application Issues 

How to Best Address Issues 

Recommendations 


Figure 1. Objectives of 1987-88 Supersonic LFC Study 
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LFC BENEFIT POTENTI AL 


The 1987-88 study indicated LFC to be feasible for the Mach 2.2 
configuration. The boundary layer instabilities requiring the 
largest suction flow to subdue were those associated with the highly 
swept attachment line and leading edge acceleration region. The 
original wing design featured a gradual acceleration on both upper 
and lower wing surfaces. An LFC-modified wing, having a steeper 
acceleration in the leading edge region, showed improvements in drag 
due-to-lift in addition to reduced suction flow requirements. The 
drag due-to-lift improvement was not considered fundamental to LFC 
and was not counted as a benefit. 

With both surfaces of the wing and tail laminarized to the flap 
hinges, a 15% improvement in lift/drag ratio was realized, resulting 
in a resized fuel burn reduction of 17% and an empty weight reduction 
of 1.3% relative to a turbulent baseline. This analysis accounted 
for laminar area lost to bodyside turbulent wedges (ref. 2), the 
aerodynamic effects of LFC suction, and the weight of the suction 
system. The wing was assumed to be sized by initial cruise 
conditions . 

Figure 2 shows the sensitivity of LFC benefits to system weight. 
Empty weight is included since this relates directly to production 
cost. Note the large payoff for minimizing suction system weight. 
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Figure 2. LFC Benefits VS. System Weight 
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SOME TECHNICAL RESULTS 


The 1987-88 study gave several interesting results, summarized in 
Figure 3 below. In the subsonic case, the upper-surface drag 
reduction potential for laminarization is roughly twice that of the 
lower surface. For the Mach 2.2 case roughly 4/7 of the total drag 
reduction comes from the lower surface, making both surface 
laminarization more attractive. This is partially due to the lack of 
a pressure drag benefit due to reduced displacement thickness in the 
aft region of the wing. No such benefit exists in the supersonic 
case, where there is essentially no aft recovery. However, this 
presents an opportunity to laminarize a larger wing area fraction, 
and to reduce pressure and viscous drag by exhausting the suction air 
at low speed in a region of closure, thickening the trailing-edge 
boundary layer. The large chords and high sweeps of typical 
supersonic wings rule out the use of pressure gradients for 
stabilization, invalidating the HLFC concept. 

The Tollmien-Schlichting mechanism of laminar boundary layer 
instability is known to be significantly weakened at supersonic 
speeds (ref. 3), while the attachment line and crossflow mechanisms 
are strengthened by the high leading edge sweep. These latter 
mechanisms were found to dominate, accounting for nearly all of the 
suction required. With careful aerodynamic design, particularly in 
the leading edge region of the wing upper surface, suction flows much 
lower than those of the study are possible. On the wing lower 
surface, careful aerodynamic design can allow wall cooling using 
fuel to partially supplant suction for boundary layer stabilization. 
Maximum LFC benefit requires suction minimization through aerodynamic 
design. 


Both-Surface Active Stabilization Is Required 


Attachment Line and Crossflow Effects Dominate 


Sensitivities: 


Benefits 



Suction Flow 


Aerodynamic Design 


Figure 3. 1987-88 Supersonic LFC Study Technical Findings 
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CRITI CAL APPLICATION ISSUES 


As part of the 1987-88 study, a prioritized list of technical 
issues for supersonic LFC application was formulated. This list is 
shown in Figure 4 below. Heading the list is contamination 
protection, which is more difficult for cases where lower-surface 
laminarization is required, since the Kreuger-shield cannot be used. 

. lipids are to be used, their distribution over the wing is 
critical, and must match accretion patterns. 

fr- 0 f At /? Chn,e 2 t a. li ^ e criteria / .well developed for the subsonic case 
(rer. 4) need to be extended into the supersonic regime. This 
impacts leading edge radius and suction. Step and gap criteria also 

Mach numSLr^ t ^. subsonic case (ref . 5,6), need extension to higher 
Mach numbers. This is important in integrating LFC and high lift 

systems. The supersonic excrescence criterion relates to 
environmental contamination, especially insect remains, the majority 
. . w ?? lcb a f e supercritical subsonically. A supersonic transition 
database, taken in the actual flight environment, will be useful in 

vv, f ^ rthe ^ 4 -v eVel ° pnient and calibration of transition prediction 
methods. Other potential issues exist, but are considered to have 
lesser impact or to be better understood. 


Contamination Protection 
Attachment Line Criteria 
Step, Gap, and Excrescence Criteria 
Supersonic Transition Database 
Others 


Figure 4. Technical Issues - 1987-88 Supersonic LFC Study 
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F— 16XL-2 TEST ARTICLE 


The 1987-88 study identified the F-16XL-2 as the best available 
testbed for supersonic LFC flight research. NASA LFC program 
personnel have reached the same conclusion independently. Both 
prototype F-16XL aircraft have been acquired for this and other 
HSR-related testing purposes. The LFC test program will be directed 
by the LFC Program Office at Langley Research Center, with the flight 
testing done at the Dryden Flight Research Facility. 

Douglas Aircraft has been asked by the NASA LFC Program Office to 
help determine the feasibility of conducting meaningful supersonic 
LFC testing on the F-16XL-2 airplane. Part of the intent of this 
study was to uncover specific technical issues peculiar to using this 
vehicle for this type of testing. A possible LFC test article 
configuration is shown below in Figure 5. The left wing is glove 
from the bodyside to the leading edge sweep break. The glove extends 
from forward of the original leading edge aft to the elevon 
hingeline. The crosshatched area is the laminar test region. This 
layout makes possible a laminar run of 21 feet. LFC suction air 
would pass through ducts imbedded in the external glove to an 
engine-bleed driven turbocompressor located in the gun bay area. The 
selection of a suitable turbocompressor unit will depend critically 
on the suction airflow, collection conditions, projected ducting and 
mixing losses, and local static pressure at exhaust. 



Figure 5. F-16XL-2 Study LFC Glove Planform 
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ESTIMATED TEST ENVELOPE 


Figiire 6 shows an estimated supersonic test envelope for the 
clean F-16XL-2 with an FUO-GE-129 engine. Dashed line! of constant 

1*90 S 0 anl Tkf? ar ?he h ? Wn ' A StU - V - eSi9n point was ^^cted at 
a ? d 44 kft * The tropopause is indicated at 36,089 feet 

altitude tr rh^ SP aa^J fWhe ^ e the ambient temperature is invariant with 
altitude, the additional pressure drag of the test article can be 

thermal'ef fects descendin9 wUtoSt^purLus 

ermai effects. This allows the potential of realizincr the full 

envelope. In the troposphere, where the temperature lapse rate is 

£???“?/ all n ?«a must be taken in level flight. list article drag 

lll , llkely limit maximum Mach numbers to something inside the 9 

designator 5? a ^itional test article drag is not^damLta? to 

LFC ? ^ ? tems from large differences in design objectives 
between the original wing and the glove, and the necessity of S 

providing room inside the glove for ducting, 

range of unit Re ynolds number available 
with this fighter airplane. The test article design should reflect 

is capability in terms of aerodynamics, temperature capabilitv and 
f re ?« th and ^iffness in ord4r to maximize i?s Y ' d 
experimental value. Properly designed, a test article on this 
airplane could demonstrate laminar runs in excess of 120 million. 
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Figure 6. F-16XL-2 Estimated Supersonic Envelope 
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CRITICAL EXCRESCENCE HEIGHT 


pj_guirs 7 is an estimate of the effect of Mach number on critical 
excrescence height along a 70 degree attachment line, such as that of 
the F-16XL-2. Calculations were done for two values of laminar 
attachment line momentum-thickness Reynolds number, 100 and 240. 

This Reynolds number is based on attachment line external velocity 
and temperature. These two values have significance in the case of 
the incompressible, laminar attachment line. Below 100 a turbulent 
attachment line will relaminarize downstream. Above 240 a laminar 
attachment line will spontaneously transition to turbulence, due to 
amplification of Tollmien-Schlichting waves. 

Also shown are sonic height limits: a shock will be created by 
any particle taller than the limit, presumably causing transition. 
Little relief is seen as Mach number is increased. The insect on the 
plot is indicative of the average height of insects deliberately 
collected on the JetStar Leading Edge Test Article during one flight 
(ref. 7). Subsonic and supersonic transports typically fly at unit 
Reynolds numbers between 1.5 to 2.0 million/foot, so insect 
impingement still must be protected against. 



1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 


Flight Mach Number 

Figure 7. Estimated Critical Excrescence Height on 70 Degree 
Swept Attachment line 


1830 



STEPS A3STD GAPS 


Figure 8, below, is an estimate of the beneficial effect of 
compressibility on laminarization criteria for steps and gaps. The 
incompressible values were taken from the final X-21 report (ref. 

5). These types of disturbances do not project upward into the 
boundary layer, but affect the boundary layer at the wall. The 
higher temperatures and viscosities at the wall create increased 
damping of disturbances as Mach number is increased. A single curve 
represents this estimated benefit. Sweeping steps and gaps beyond the 
local Mach angle avoids shock waves, the effect of which on 
transition is not known a priori. The improvement with Mach number 
is important if the supersonic airplane is to have leading-edge high 
lift devices. 

Verification testing is needed. It would be valuable to know the 
effect of supersonic flow normal to a step or gap. The correct noise 
and freestream disturbance environment is critical in developing an 
experimental database for step and gap laminarization criteria; 
meaningful testing can only be done in flight. Data control 
calculations prior to testing are very important, so that expensive 
test time and fuel are not wasted. 



1 0 1-5 2.0 2.5 3.0 


Freestream Mach Number 


Figure 8. Estimated Mach Number Effect on Criteria for 
Steps and Gaps Swept Beyond Local Mach Angle 
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SUCTION A. 1ST 3D HOLE SIZE LIMITS 


As Mach number is increased, the increase in skin temperature 
causes a lowering of density and an increase of viscosity for the air 
entering the suction holes. Since the flow through the suction holes 
is laminar, these effects tend to reduce the per-hole massflux at any 
given pressure drop. This can be countered by reducing hole spacing 
and/or increasing hole size. The latter is advantageous as it also 
increases the hole Reynolds number, allowing more massflux through 
the hole. However there exists a criterion for maximum hole flow, 
beyond which the boundary layer is tripped (ref. 8). 

A study was conducted to determine if, under likely test 
conditions, there would be a problem getting sufficient suction flow 
through the skin at the attachment line without tripping the boundary 
layer. The results are shown in Figure 9. For a given hole 
pitch-to-diameter ratio, the limiting hole diameter and corresponding 
largest suction coefficient was found. A large amount of latitude 
clearly exists. This is important since careful suction surface 
design will be necessary in order to allow testing at high unit 
Reynolds numbers . 
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Figure 9. Estimated Maximum Suction and Perforation Size, 
70 Degree Swept Leading Edge 
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LEADING EDGE RADI US 


The selection of leading edge radius for the test article is 
strongly driven by attachment line and suction criteria, and 
attachment line travel under off-design conditions. Laminarization 
considerations will set leading-edge radius and shape on a laminar 
flow supersonic transport as well. At the present time, attachment 
line criteria are only known for the subsonic case: essentially zero 
attachment line tangential Mach number (ref. 4). Indications are 
that these may not vary too much with Mach number, but sufficient 
experimental latitude must be allowed for in the design of the test 
article. Computational work at NASA Langley is underway to estimate 
attachment line laminarization criteria under conditions typical of 
the F-16XL-2 test. 

Figure 10 shows the effect of suction coefficient on the 
leading-edge radius required to maintain attachment-line 
momentum-thickness Reynolds number at 100 and 240, respectively, at 
the study design point of 1.90 Mach, 44 kft. The compressible curves 
were computed using the formulation of Poll (ref. 9). A normal 
leading-edge radius of 0.800 inch was selected for the study. 



Figure 10. Attachment Line Normal Radius VS. Suction 
for Given R 0 , F-16XL-2 LFC Glove 



STUDY GLOVE GEOMETRY 


Figure 11 shows a candidate geometry for an LFC test article on 
the F-16XL-2. The glove extends forward of the original leading edge 
a nominal 4.00 inches in the normal direction, and has a minimum 
vertical clearance of 1.00 inches. The leading edge sweep of 70 
degrees is retained. In order to create the kind of pressure 
distribution required for suction flow minimization at the design 
point it was necessary to extend the glove inboard to the bodyside, 
especially in the leading edge region. In the bodyside region the 
glove leading edge sweep is decreased to 30 degrees and the radius 
decreased to near zero to act as a turbulence diverter. This inboard 
part of the glove nullifies geometrical features of the original wing 
which were found to contribute substantially to the extended region 
of favorable gradient found in the leading edge region. The glove 
extends aft to the elevon hingeline. The convex region leading to 
glove aft termination causes an accelerating pressure field in this 
area, but this was intentionally located underneath the canopy 
closure shock at the design point, so its effect is minimized. At 
lower Mach numbers the canopy closure shock unsweeps, moving forward 
and potentially limiting achievable laminar run. A fuselage fairing 
designed to remove or block the canopy closure shock would be useful 
in allowing a wider range of useful test conditions. Lower Mach 
numbers are important since high unit Reynolds number conditions are 
only achievable at lower altitudes, where maximum speeds are lower. 



Figure 11. F-16XL-2 Study LFC Suction Test Article 


1834 


as. 


COMPUTED PRESSURE ID I STRX BUTTON 


Fl ? u f e \ 2 compares FLO-58 - computed pressure distributions of 

? h qn M^h na L W i2? an l, the StUdy glove at the stud Y design point of 
t 4 kf ■ ThS values of C P are m ^ch smaller than one is 
™«? t f? t0 Seeing transonically . Note the extensive region of 
,^^ elera KT' ng t Pre f SU ^ e gradient on the original wing. This is very 
unfavorable for laminar flow, since the resulting cross-stream 
pressure gradients give rise to crossflow instabilty, which takes 
considerable suction to suppress. Note the considerable improvement 
achieved by the glove. Further improvements are possible through 
design refinement. The canopy closure shock is visible as a region 
^LSS n,PreSS i°! 1 - ln -, the ori 9 inal pressure distribution. Although the 
SSS? *2 f ala 4 vel * weak ' its Static pressure rise is of the lame 
order of the wing upper surface Cp. This is due to the low lift 
coefficient at the glove design point. The degree to which it is 
spread out chordwisein the Euler solution is probably a creature of 
^ g - d density, which is locally low so that computational points 
could be bunched in the leading edge region. Eliminating the shock 

verv°hiah rLS/ 19 a fuselage fairing would enable demonstation of 
very high Reynolds number laminar runs at the lower Mach, high unit 
Reynolds number test points. y 



Figure 12. FLO-58 -Computed LFC Glove Chordwise C p 
Distributions in Fuselage Presence t 
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STATIONARY CROSSFLOW 


^ cursory cinalysis of stationary crossflow stability was 
conducted at the design point using the MARIA code (ref. 10). This 
code computes and integrates the growth of stationary crossflow 
vortices only, utilizing an approximate method involving table 
lookups. Experience has shown this code to be conservative in 
supersonic cases, but does a good job of identifying the wavelengths 
of the most amplified waves and giving trends. One question of 
int©r©st in th© dosicfn of th© test articie is whether or not it will 
be possible to distinguish between attachment line and crossflow 
effects. Figure 13 indicates that even with no suction, transition 
by crossflow is not predicted until 2 percent chord or later on the 
study glove. This strongly suggests that the effects will be 
separable experimentally if transition instrumentation is properly 
located. 



Figure 13. Stationary Crossflow Stability Analysis 
F-16XL-2 Study Glove 
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coistclus loisrs 


Figure 14 presents the major conclusions of the F-16XL-2 LFC Test 
Article Study. The study has identified no major roadblocks to a 
successful experimental program. A carefully designed test article, 
used in a well designed test program keyed to agreed upon major 
experimental objectives could provide a wealth of information 
directly applicable to HSCT laminarization at overall minimum program 
cost. It is important that the test article design reflect 
technological as well as demonstration goals. 


Analysis Indicates Feasibility 

Very Large Re/L Range Possible 

Attachment Line and Crossflow Effects 
Are Separable 

Meaningful Test Program Will Require 
Careful Design 

■ Glove Shape 

■ Perforated Surface 

■ Structure 

■ Flying Qualities 

■ Instrumentation 

■ Test Program 


Figure 14. F-16XL-2 LFC Study Conclusions 
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TECHNOLOGY INTEGRATION 


In order for LFC technology to earn its way onto the HSCT, it 
must be demonstrated to be feasible, to reliably produce the expected 
benefit, and integrate well with other technologies, a list of which 
is given in Figure 15, below. The F-16XL-2 Flight Test program is 
expected to establish feasibility and demonstrate the low suction 
levels required. Follow-on activities should focus on technology 
integration issues. Attention should be paid to technology 
combinations having possible synergisms. For example, incorporation 
of nonlinear effects into the aerodynamic design process is expected 
to result in optimized wings having lower sweep, blunter leading 
edges, and upper-surface pressure distributions essentially 
compatible with LFC requirements (ref. 12). Consistent with this 
design direction, alternative approaches to achieving high levels of 
leading-edge thrust at low speeds have been demonstrated which do not 
require a movable leading edge, and do not rely on suction for 
boundary layer separation control (ref. 13). 

The contamination avoidance issue must be given serious 
attention. Although it is always possible in principle to design a 
liquid system that will work, various alternatives (ref. 14) should 
be investigated. The F-16XL-2 flight test should be used to document 
accretion patterns for future studies. 

After design studies and testing have defined the best 
integration of technologies, bringing technical risk to acceptable 
levels may require in-flight demonstration. 


Laminar Flow Control 
Contamination Avoidance 
Nonlinear High-Speed Design 
Low-Speed System 
Structures and Materials 
Sonic Boom 

Figure 15. HSCT Wing Technologies 
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Status of the F-16XL Supersonic Laminar Flow Control Numerical Design Validation 

Mike George, Rockwell International; and Marta Bohn-Meyer and Bianca Anderson, NASA Ames-Dryden Flight 
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SUPERSONIC LAMINAR FLOW 
CONTROL EXPERIMENT 
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PRESENTATION OUTLINE 
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F-16XL SSLFC GLOVE 

DESIGN CONDITION: MACH = 1.6, ALPHA = 2 DEG., ALT = 44K FT 
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The glove was designed with emphasis In avoiding attachment line transition and cross-flow transition. To achieve 
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GLOVE DESIGN 
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SUCTION SUBSYSTEM DESIGN 
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The numerical approach developed and currently being validated as part of the ongoing F-16XL SSLFC program 
was based on the coupling of a Navler-Stokes code and a linear compressible boundary-layer stability method. 
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COMPUTATIONAL METHODOLOGY 
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F-16XL SSLFC GRID TOPOLOGY 
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ABILITY PREDICTION OVER 
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F-1 6XL-SSLF EXPERIMENT CFD TO FLIGHT 
DATA COMPARISON 

INBOARD ORIFICE ROW 
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Flight Condition for Laminar Attachment Line 

Active Glove - Typical (without active suction) 
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Alpha, deg 
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Phase I Test Matrix - Remaining Test Points 
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F-16XL SSLF Proposed Follow-on Activities 
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Summary of Results to Date 
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on suction effects as well as code validation data. 
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INTRODUCTION 


Because of the large potential gains related to laminar flow on the swept wings 
of supersonic aircraft, recent interest in the application of laminar flow control 
(LFC) techniques in the supersonic regime has increased. A supersonic laminar flow 
control (SLFC) technology program is currently underway within NASA. The objec- 
tive of this program is to develop the data base and design methods that are critical 
to the development of laminar flow control technology for application to supersonic 
transport aircraft design. Towards this end, the program integrates computational 
investigations currently underway at NASA Ames-Moffett and NASA Langley with 
flight-test investigations being conducted on the F-16XL at the NASA Ames-Dry den 
Research Facility in cooperation with Rockwell International. 

The computational goal at NASA Ames-Moffett is to integrate a thin-layer 
Reynolds averaged Navier-Stokes flow solver with a stability analysis code. 1 The flow 
solver would provide boundary-layer profiles to the stability analysis code which in 
turn would predict transition on the F-16XL wing. To utilize the stability analysis 
codes, reliable boundary-layer data is necessary at off-design cases. Previously, 
much of the prediction of boundary-layer transition has been been accomplished 
through the coupling of boundary-layer codes with stability theory. 2,3 However, 
boundary-layer codes may have difficulties at high Reynolds numbers, of the order 
of 100 million, and with the current complex geometry in question. Therefore, a 
reliable code which solves the thin-layer Reynolds averaged Navier-Stokes equations 
is needed. 

The objective of the current research is two-fold. The first objective is method 
verification, via comparisons of computations with experiment, of the reliability 
and robustness of the code. To successfully implement LFC techniques to the F- 
16XL wing, the flow about the leading edge must be maintained as laminar flow. 
Therefore, the second objective is to focus on a series of numerical simulations 
with different values of a and Reynolds numbers. The purpose of the simulations 
is to study their effects on the two main factors which precipitate transition to 
turbulence at leading edges of highly swept wings (e.g. “spanwise contamination” 
and “crossflow instability”). The bulk of this presentation will focus on the first 
stated objective. 



CNS BACKGROUND 


The Compressible Navier-Stokes (CNS) code is utilized in this research. The 
CNS code is a time-dependent Navier-Stokes solver implemented in a zonal method- 
ology. The zonal approach allows grids for complex configurations to be generated 
in topologically simple pieces and patched together to form the global mesh. In 
addition to simplifying the grid generation process, the zoned approach enhances 
computational efficiency by allowing zones to involve different physical models so 
that only the complexity necessary for the local flow field is assumed. The zonal 
method also gives the user flexibility in allowing different convergence strategies to 
be used in different zones. 

Characteristics of the integration scheme ARC3D are given. The algorithm 
uses central-differencing in all three directions. Second and fourth order artifi- 
cial dissipation is added both explicitly and implicitly for stability considerations. 
The inversion process involves inverting only scalar penta-diagonals. The Baldwin- 
Lomax model is used to model turbulence viscosity in the thin-layer Reynolds- 
averaged Navier-Stokes equations. 4 


CNS CODE CHARACTERISTICS 


ZONAL SCHEME 

- SIMPLIFY GRID GENERATION FOR COMPLEX GEOMETRIES 

- COMPUTATIONAL FLEXIBILITY AND EFFICIENCY 

ARC3D ALGORITHM 

- CENTRAL-DIFFERENCED SCHEME IN ALL THREE DIRECTIONS 

- 2ND AND 4TH ORDER EXPLICIT AND IMPLICIT DISSIPATION 

- BALDWIN-LOMAX TURBULENCE MODEL 



GEOMETRY AND GRID 


The geometry used for the SLFC program is the F-16XL configuration. It is 
basically an F-16A with the original wing replaced with a double delta-wing having 
a sweep angle of 70°, forward of the wing-break. The figure shows a planform view 
of the surface grid used in the computations. The surface and flow field grids were 
graciously provided by Dr. C. J. Woan of Rockwell International. Not shown, but 
modeled, are the inlet, diverter, and environmental control system on the underside 
of the geometry. Instrumented on the actual flight configuration is a fitted glove 
on the upper surface of the wing. The glove surface contains tiny holes, created 
by laser beams to provide suction as a means of maintaining laminar flow. The 
approximate location of the glove geometry is shown in the figure. 
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SYMMETRY PLANE PRESSURE CONTOURS 


The numerical simulation was conducted with flow conditions approximately 
matching flight conditions at = 1.6, a = 2.0° and Rei = 116 million. The 
Reynolds number is based on the fuselage length, which is approximately 550 inches. 
Nineteen zones were used for the computation with a total of one million grid 
points. The computation required approximately 2500 iterations to drop the initial 
L2-norm in each zone by three orders of magnitude. On the NASA supercomputer, 
this required approximately 13 hours of cpu time. The figure illustrates the pressure 
contours on the symmetry planes. Shocks can be seen at the nose, canopy and lip 
of the inlet on the geometry. What can also be noted is the smoothness of the 
contours, even though they are traversing different zones. An expansion wave at 
the top of the canopy, as well as a recompression shock at the back of the canopy, 
can also be seen. These regions cause adverse pressure gradients which can cause 
the flow to separate. 




SURFACE PRESSURE MAP 


The surface pressure map is illustrated in this figure. Again, the “hot spots” 
(light shaded regions) at the nose and front of the canopy are noted. The low 
pressure region (dark shaded regions) at the top of the canopy is also seen and is 
due to the expansion of the flow about the canopy. A large low pressure region is 
also seen on the wing of the geometry. It will be shown that this region will have a 
large influence on the flow pattern in this area. 
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SIMULATED OIL FLOW PATTERN 


Oil flow patterns on the geometry are simulated by releasing and restricting 
particles to one grid point off the surface and tracking their subsequent journey 
downstream. As can be seen, a separation region occurs due to the recompression 
shock at the back of the canopy, however it quickly reattaches downstream. The 
low pressure region at the top of the canopy causes an upwash of the flow about 
the fuselage-strake region. Also the flow just off the symmetry plane near the back 
of the fuselage is seen to be pulled down onto the wing due to the aforementioned 
low pressure on the wing. This same low pressure also causes the flow coming from 
the leading edge to head slightly inboard before proceeding downstream. 
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PRESSURE COEFFICIENT COMPARISONS 


Computed pressure coefficients are compared to inflight data obtained from 
NASA Ames-Dryden. These are given at two span stations. The inboard span 
station (72 inches from the symmetry plane) corresponds to the location just in- 
board of the laminar flow control glove. Since the computational grid lines did not 
correspond to constant span stations, cubic spline interpolation was necessary to 
compute the flow variables at the appropriate span stations. The solid lines in- 
dicate the computations and the rectangles indicate experiment. For the inboard 
station, pressure taps were instrumented up to 25 percent of local chord, while out- 
board taps were instrumented up to 40 percent of local chord. The computations 
at the inboard station compare fairly well with the experimental data, with a slight 
underprediction. The slight underprediction occurs at 2-9 percent of chord. The 
computations are in excellent agreement with experiment from 10 percent of chord 
onward, and compare fairly well at the leading edge. At the outboard station, the 
computations consistently underpredict the experiment over the entire chord. How- 
ever, there may be twist at this span station in the actual geometry which has not 
been accounted for in the computational model. 


M = 1.6, CC= 2.0°, Re L = 116 million 


COMPUTATIONS 

□ TEST DATA (DRYDEN) 



INBOARD STATION (72") 





OUTBOARD STATION (114") 
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COMPUTATIONAL COMPARISONS OF PRESSURE COEFFICIENT 


In the previous result, the computations underpredict the experimental pres- 
sure coefficients, especially between 2-9 percent of local chord at the inboard station. 
A comparison of the numerical results obtained by the CNS code and that due to a 
completely different code, called the USA-RG3 code 5 developed by Rockwell Inter- 
national, was conducted using the same grid. As can be noted, there is very good 
agreement between the two numerical results at the inboard station. In particular, 
where the CNS results were quite different from experiment in the 2-9 percent local 
chord region, there is excellent agreement obtained there between the two different 
codes. 
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VELOCITY PROFILES AT THE INBOARD STATION 


An examination of the velocity profiles is conducted along the inboard station at 
different chordwise locations. The y-axis is the vertical height, in inches, above the 
geometry. The streamwise component of velocity is discussed first. The boundary 
layers all exhibit the standard expected profile. The boundary layer near the leading 
edge is very thin relative to the downstream profiles. At x/c = 3.2 percent the 
boundary-layer maintains a fairly constant thickness downstream to about x/c = 4.7 
percent. The boundary-layer thickness near the leading edge is approximately .015 
inches. 

From examining the crossflow component it can be noted that the maximum 
crossflow occurs near the leading edge (x/c = .7 percent). At x/c = 2.2 percent, 
and downstream, the crossflow velocity has decreased dramatically. From x/c = 3.2 
percent, and downstream, the crossflow velocity decreases continually, but not sig- 
nificantly. The inflection point of the crossflow velocity profile increases in height 
for the first three chordwise locations and then appears to decrease. 


M = 1.6, a = 2.0° 
Re L = 100 million 
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ATTACHMENT LINE LOCATIONS 


The following results map the movement of the attachment line location from 
the inboard location of the wing to the outboard location. The experimental data 
points exist only at the inboard and outboard portion of the glove. The vertical 
axis indicates the position of the attachment point, either on the upper surface, 
(positive x/c) or on the lower surface (negative x/c). The leading edge itself is 
at x/c = 0.0. There are twenty equally-spaced interpolated span stations between 
the inboard and outboard stations. The stagnation point, at each span station, 
was determined by finding the grid point corresponding to the maximum pressure 
coefficient and is consistent with the experimental determination of the stagnation 
point. The procedure accounts for the discontinuities in the plot. The computations 
seem to indicate that the stagnation point is right on the leading edge of the inboard 
station, then goes below the leading edge at 75 inches and stays on the lower portion 
of the wing. At about 110 inches, the stagnation point returns to the leading edge 
of the wing. The experimental data points indicate the stagnation points slightly 
below the leading edge at both inboard and outboard stations. Other computational 
results 5 indicate the same trend as the current computational results. 


^ a =2.00° 


O o 



inboard 

station 


outboard 

station 



PRESSURE COEFFICIENT ALONG ATTACHMENT LINE 


The following results reflect the pressure coefficient at the stagnation point 
from the inboard to outboard station. There is a dip in the pressure coefficient 
at a span station of about 74 inches. This location is about two inches away from 
where the inboard portion of the glove begins. The pressure coefficient then shows a 
favorable pressure gradient along the attachment line and levels off at a span station 
of about 110 inches. The last data point indicates that the pressure coefficient may 
take another dip here, which interestingly occurs close to the location where the 
glove ends. This result indicates that there may be some effect of how the glove is 
faired into the original wing. 


ATTACHMENT LINE Cp 

0.20 
0.18 
0.16 
U 0.14 
0.12 
0.10 
0.08 

70 80 90 100 110 120 
SPAN STATION IN INCHES 
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FLOW SOLVER - STABILITY CODE COUPLING 


The Navier-Stokes code is currently coupled to the stability code in the fol- 
lowing manner. The pressure distribution at various span stations from inboard 
to outboard is read into the boundary-layer code. The boundary-layer code uses a 
conical flow assumption in computing its boundary-layer data based on the given 
pressure distributions. This boundary-layer data is then read into the stability code. 
Depending on the N-factor value prescribed for the determination of transition, the 
stability code will determine the x/c location of transition for each span station. 
Future work will be performed to couple the Navier-Stokes solution from the CNS 
code directly into the stability code. 
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HSRP CODE VALIDATION 


A composite result is displayed which illustrates the end product of the tran- 
sition predicted by the CNS - COSAL code coupling. An N-factor equal to 10 was 
used in the COSAL code. The white area on the F-16XL wing designates the glove 
location. The box illustrates an expanded view of a small section of the glove. At 
a span station of 89 inches, transition occurs at about 1.7 inches (.6 percent of 
x/c) from the leading edge. Slightly outboard of that transition occurs at about 
2.2 inches (.9 percent of x/c). It can be noted that for this case, transition occurs 
very close to the leading edge which is consistent with experimental findings. The 
corresponding C p for the outboard location is also illustrated. The leading edge 
geometry of the wing is also indicated below the C p graphic. 


HSRP Code Validation 

Ames Fluid Mechanics Laboratory 
Ames Applied Computational Fluids Branch 
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SUMMARY AND FUTURE DIRECTIONS 


In summary, the CNS code has been used to predict the flow about the F-16XL 
in supersonic flight. Comparisons were made between the numerical and experimen- 
ted pressure coefficients with good agreement between the two. Further numerical 
comparisons were conducted with the results from another Navier-Stokes code. Ve- 
locity profiles, for both streamwise and crossflow components, were analyzed at the 
inboard station for various x/c values. A mapping of the attachment line from the 
inboard to the outboard area of the glove was conducted. Finally, the numerical 
results from the CNS code were used in the COSAL code to predict transition. 


SUMMARY 

COMPUTED NUMERICAL SOLUTION OF THE FLOW FIELD ABOUT THE 
F-16XL IN SUPERSONIC FLIGHT 

-COMPARISONS OF THE NUMERICAL SOLUTION WITH IN-FLIGHT 
EXPERIMENTAL DATA WAS CONDUCTED 
-VELOCITY PROFILES FOR INBOARD STATION ANALYZED 
-MAPPING OF ATTACHMENT LINE LOCATION WAS CONDUCTED 

CNS CODE COUPLED TO COSAL CODE 

-TRANSITION PREDICTED ON THE GLOVE PORTION OF THE WING 


FUTURE DIRECTIONS 


CNS CODE 

-CONTINUE VALIDATION OF THE CODE 
-IMPLEMENT SUCTION BOUNDARY CONDITIONS 

CNS/COSAL CODE 

-MAP TRANSITION LINE AND VALIDATE WITH IN-FLIGHT DATA 
-ADD CAPABILITY TO UTILIZE NAVIER-STOKES SOLUTION 
DIRECTLY 
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Computational Study of LFC 
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Closer Study of L.E. region B-L stability 
M=3.5, A=77.1 deg., a, Re variable 
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LAMINAR FLOW CONTROL METHODOLOGY 
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F 16 XL SURFACE GRID AND LFC GLOVE LOCATION 
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SUPERSONIC SWEPT LEADING EDGE WING 
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Reference length = Distance PT = 1 5 * 


In order to compute the entire F16XL configuration, and at the same time 



errors between blocks. 





C onditions: M w = 1 .6, «< = 2°, Altitude= 44,000 ft. 

No suction, adiabatic wall, laminar flow for y >40" spanwise 

g - u - mmar V : 1 mill 'O n grid points, 20,000 surface points 

15 to 20 hrs. Cray Y-MP computation time 







LFC Glove Cross-sections, Inboard & Outboard 
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F 16 XL CALCULATIONS 
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M=1.58, q= 2.019, Alt=43,735 ft., with suction 
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F16XL WING UPPER SURFACE, M oo =2.0, 
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CFL3D — R.|. N-S Code 
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F 16 XL LFC GLOVE MID-SECTION PROFILES 



scale (0,1.0) 
scale (-0.01,0.10) 
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INTERFACE BETWEEN N-S and BL STABILITY PROGRAMS 
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INTERFACE BETWEEN N-S and BL STABILITY PROGRAMS (Cont’d.) 
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First 20 points off the surface 
enclosing the boundary layer 
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F16XL ATTACHMENT LINE Re 0 VALUES, M=1.6,a=2,h=44,000 ft. 
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SWEPT WING L.E., Euler /N-S Cp Comparison 
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CONCLUDING REMARKS 
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alidation with experiments for different flight conditions. 
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The e Method for Transition Prediction/LFC Design 


N • 

The e method involves computation of the total amplification of the various instability modes and cor- 
relating the transition onset with the most amplified mode. 

The general conclusion from various applications of the i* method is that when fundamental physical ef- 
fects are properly accounted for, then N ~ 0(9—1 1) is a good predictor of transition for low background 
disturbances. 

The method can also be used to study the effect of various parameters (such as Mach number, pressure 
gradient, wall heat and mass transfer, etc.) have on transition. However, note the comments on the next 
page. 


THE e N METHOD FOR TRANSITION PREDICTION/LFC DESIGN 

• IN LOW DISTURBANCE ENVIRONMENT, THE eN METHOD CAN BE 
USED TO PARAMETERIZE THE EFFECT ON TRANSITION: 


- MACH NUMBER 

- PRESSURE GRADIENT 

- WALL TEMPERATURE 

- WALL MASS TRANSFER 

- SWEEP 

- FLOW HISTORY 

- BODY/STREAMLINE CURVATURE 

- BODY ROTATION/DYNAMICS 

- BLUNTNESS 

- FLOW CHEMISTRY 

- ANGLE OF ATTACK 

- REYNOLDS NUMBER(S) 

- SHOCKWAVES 
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Linear Stability Theory 


There are four different instability mechanisms which are important in the stability of boundary layers. 
These include TS/first mode, second mode, crossflow and Goertler. The second mode is relevant only at 
Mach numbers above about 4. The first mode further consists of two different mechanisms, namely vis- 
cous (such as TS waves) and inviscid instability due to the presence of generalized inflection points in 
compressible boundary layers or in flows with adverse pressure gradients. 


LINEAR STABILITY THEORY 

FOUR DIFFERENT INSTABILITY MECHANISMS 

• FIRST MODE 

- VISCOUS (TS TYPE) 

- INVISCID RAYLEIGH (DUE TO GENERALIZED INFLECTION 
POINT) 

• SECOND MODE 

- INVISCID INSTABILITY DUE TO SUPERSONIC MEAN FLOW 
RELATIVE TO DISTURBANCE PHASE VELOCITY ( I U - C I la > 1) 

• CROSSFLOW 

- INFLECTIONAL INSTABILITY OF THE CROSSFLOW VELOCITY 
PROFILE 

- PRESENT IN 3-D FLOWS (BODIES AT ANGLE OF ATTACK, ETC.) 

• GORTLER 

- CENTRIFUGAL INSTABILITY DUE TO CONCAVE CURVATURE 
(BODY/STREAMLINE) 
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Transition Process 


Transition is a multi-step process involving receptivity (generation of instability waves), linear stability and non- 
linear breakdown to turbulence. Ideally, one needs to include all three stages in the transition prediction methodol- 
ogy. In this paper, however, we study some aspects of the linear growth of disturbances in both low and high speed 
boundary layers. In low disturbance environments, results of linear stability theory may be used to correlate the 
onset of transition with a wide range of parameters such as pressure gradient, Mach number, curvature, nose blunt- 
ness and wall temperature. 


TRANSITION PROCESS 
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ef* Method — Caution 


One always has to keep in mind the limitations that the method is subject to. Since the method is based 
upon linear stability theory, it obviously cannot account for situations where transition is strongly in- 
fluenced by factors such as elevated levels of external disturbances, distributed roughness and other non- 
linear interactions. Furthermore, the effects of parameters such as wall cooling on the secondary 
instability may be different than on the primary instability and, therefore, the effect on transition of a cer- 
tain parameter may not be the same as on linear stability. 

If good experimental data are available, then it is possible to parameterize these effects in the form of cor- 
relations. An example is the correlation developed by Mack [ 1 ] for low speed flows to account for the ef- 
fect of turbulence level on the N-factor at transition. 


e N METHOD - CAUTION 

• TRANSITION INFLUENCED BY 

- ELEVATED STREAM/WALL DISTURBANCE FIELDS (INCL. 
PARTICULATES) 

- DISTRIBUTED ROUGHNESS 

- COMBINATION OF NON-LINEAR DISTURBANCE MODES 

- ORGANIZED MEAN VORTICITY (VORTICES) 

- SHOCK WAVES (EMBEDDED/IMPINGING) 

• eN METHOD CANNOT ACCOUNT FOR THESE EFFECTS 

- EMPIRICAL CORRELATIONS POSSIBLE (E.G. N = -8.43 - 2.4 tnTu, 
Tu IS TURBULENCE LEVEL, MACK (1977)) 
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Crossflow Reynolds Number Criteria for High-Speed Flows 


The value of the crossflow Reynolds number at transition for high-speed flows may be much higher than 
the upper limit of about 200 for incompressible flows. The value of 200 comes from the correlation of 
low-speed data, it is necessary to account for the compressibility effect in order to collapse the data from 
different Mach number flows. This may be achieved in various ways; for example, by defining an effec- 
tive kinematic viscosity or by computing an effective length scale. Based upon some preliminary studies, 
we have found that an effective way to account for the compressibility effect is to rescale the charac- 
teristic length. Since the boundary-layer thickness 5 varies (for adiabatic wall flows) with Mach number 
as; 

8ccl+^-M 2 , 

one way to scale out the Mach number effect is to reduce the crossflow characteristic length scale be a fac- 
tor 1 + ((y- l)/2 Me- Thus the effective crossflow Reynolds number may be defined as: 

Re c /= Rc//( 1 + M?) 0) 

The table below shows the values of Re c / along the transition onset trajectory for the Mach 8 flow over a 
7° half angle cone at 2° incidence. It can be seen that the maximum value of the scaled crossflow 
Reynolds number is of 0(200), i.e., the same as for incompressible flows. 

Experiments performed in the NASA Langley Mach 3.5 quiet tunnel show that the unsealed maximum 
crossflow Reynolds number at transition could be as high as 500-600. However, the scaled Re c / from Eq. 
(1) would be of 0(200). Similar results have been obtained for transition in supersonic flow past swept 
wings. Therefore, for compressible, adiabatic wall flows, it appears that Eq. (1) provides a reasonable 
upper limit for crossflow Reynolds number. Of course, transition may occur at lower Re^ due to the in- 
fluence of other instability mechanisms. The fact that Re c /is much higher for supersonic flows also im- 
plies that compressibility has a stabilizing influence on crossflow instability. 
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Crossflow Reynolds number criteria 
for high speed flows 


„ Da — Un §0.1 

® Re^ 

v e 

u At low speeds correlations show that Reef * 200 
represents an upper limit for laminar flow 

n boundary layer thickness varies as: 

5 a 1 + Til A/f e 


a scale out effect of Mach number by defining: 
Re C f 


Reef — 


1 + 


lid 


Mi 


a A range of data up to Mach 8 correlates with Re C f * 200 


Mach 8 Flow Past a 7° Sharp Cone at 2° Incidence 

Re/ft= 1 million 


Values of Certain Parameters at the Estimated (N=10) Transition Location 

0° 

x (ft) 

Re C f 

Re C f 

f(KHZ) 

0 

8 

0 

0 

80 

48 

6 

1382 

144 

40 

68 

4.7 

1690 

172 

35 

110 

3.8 

2220 

213 

30 

132 

3.8 

2440 

228 

20 
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Linear Stability Calculations for 3-D Boundary Layers 


The ability to predict, using analytical tools, the location of boundary-layer transition over aircraft-type 
configurations is of great importance to designers interested in laminar flow control (LFQ. The e N 
method has proven to be fairly effective in predicting, in a consistent manner, the location of the onset of 
transition for simple geometries in low disturbance environments. This method provides a correlation be- 
tween the most amplified single normal mode and the experimental location of the onset of transition. 
Studies indicate that values of N between 8 and 10 correlate well with the onset of transition. 

For most previous calculations, the mean flows have been restricted to two-dimensional or axisymmetric 
cases, or have employed simple three-dimensional mean flows (e.g., rotating disk, infinite swept wing, or 
tapered swept wing with straight isobars). Unfortunately, for flows over general wing configurations, and 
for nearly all flows over fuselage-type bodies at incidence, the analysis of fully three-dimensional flow 
fields is required. 

In the remainder of this paper we discuss results obtained for the linear stability of fully three-dimensional 
boundary layers formed over both wing and fuselage-type geometries, and for both high and low speed 

flows. When possible, transition estimates from the ^ method are compared to experimentally deter- 
mined locations. 

The stability calculations are made using a modified version of the linear stability code COSAL. Mean 
flows have been computed using both Navier-Stokes and boundary-layer codes. 
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Linear stability calculations 
3D Boundary layers 
Low speed flows 


a Ellipsoid of revolution of fineness ratio 6:1 
Mach number = 0.13 

Reynolds number = 6.6 x 10 

Angle of attack = 1 0 degrees 

Boundary-layer was computed using analytic metric 
coefficients and edge velocity conditions 

a Cessna Fuselage 
Re/ft=1 .3 million 
Mach number = 0.27 

Comparison with experimental of data of Vijgen. 

a Flat plate/cylinder configuration 
Re/ft = 800,000 
Uo o= 125.4ft/sec 

Effects of both adverse and favorable pressure gradients 
TS and crossflow instability 


Linear stability calculations 
3D boundary layers 
High speed flows 

n Analytic Forebody 
Mach number = 2.0 
Angle of attack = 2 degrees 

Boundary layer edge conditions computed using space 
marching Euler option of CFD code GASP 

a FI 6XL Laminar Flow Control Glove 
Mach number = 1.6 

Mean flow computed by V. Iyer using Navier-Stokes 
code CFL3D 

a Dagenhart model for NASA Langley “quiet tunnel” 
Mach number = 3.5 

Mean flow computed by V. Iyer using Navier-Stokes 
code CFL3D. 
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Geometry and Coordinate System for Prolate Spheroid 


The linear stability of the fully three-dimensional boundary-layer formed over a 6: 1 prolate spheroid at 
10 is investigated using the linear stability code COSAL. For this case, both Tollmien-Schlichting (TS) 
and crossflow disturbances are relevant in the transition process. The predicted location of the onset of 
transition using the ^ method compares favorably with experimental results of Meier and Kreplin [2]. 
Using a value of N=10, the predicted transition location is approximately 10% upstream of the experimen 
tally determined location. Results also indicate that the direction of disturbance propagation is dependent 
on the type of disturbance, and consequently, on dimensional frequency. Results also indicate that 
Re c /= 180 represents the upper limit for laminar flow (based on N=10). 


Geometry and coordinate system for prolate spheroid. 
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Contour Plot of Constant C p on 6:1 Prolate Spheroid 
M=0.132, angle of attack=1 0°, Re=6.6x1 0 6 


The analytic inviscid velocity distribution and metric coefficients were used in the solution of the bound- 
ary-layer equations. Here we present a contour plot of the distribution of C p over the ellipsoid. Note that 
an adverse pressure gradient is encountered at approximately ^ = —0.9 on the leeward symmetry line and 
£ = 0.9 on the windward symmetry line (where — 1 .0 < H, < 1 .0). This suggests that transition on the 
leeward symmetry line may take place much sooner than transition on the windward symmetry line, since 
boundary layers usually become highly unstable in regions of adverse pressure gradient. 


Contour plot of constant Cp on 6:1 prolate spheroid 
M=0.132, v = 10° and Re = 6.6 x 10 6 
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Contour Plot of Crossflow Reynolds Number 


The above figure indicates the boundary-layer computational domain, and also shows contours of constant 
Crossflow Reynolds numbers. The cross-hatched area has been excluded from the domain of the bound- 
ary-layer calculation (due to separation). Also indicated is the location of the initial separation point. Since 
transition takes place upstream of this point, the exclusion of the region is of no consequence here. The 
figure indicates a rapid increase in crossflow Reynolds number as the separation point is approached. This 
results from an increase in the crossflow length scale as the region of adverse pressure gradient is en- 
countered near the leeward symmetry line. Note the occurence of a local minimum in the crossflow 
Reynolds number just upstream of the initial separation point. 


Contour plot of crossflow Reynolds number 


Initial Separation Point Excluded Region 
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Comparison of Theoretical (based on N=10) and Experimentally 
Determined Locations for the Onset of Transition 


The transition front obtained using COSAL is compared with the experimental results of Meier and 
Kreplin [2]. Transition was assumed to occur at N=10. The overall agreement between theory and experi- 
ment is good. Near the windward edge (0 = 0°), where two-dimensional TS-type disturbances are respon- 
sible for transition, the predicted location of transition is about 10% downtream of the experimental 

results. For the flowfield at 0 > 20°, for which instabilities are predominately of the crossflow type, the 
predicted transition front occurs approximately 10% upstream of the experimental results. The present 
results might be improved if the displacement thickness were taken into account when calculating the in- 
viscid solution. In addition, the disturbances originating at higher values of 0 follow highly curved trajec- 
tories, so that wavefront curvature effects may be important. If these effects were included, they would act 
in a stabilizing manner, and thus tend to shift the computed transition front downstream. 


Comparison of theoretical and experimentally determined 
locations (Meier and Kreplin) for the onset of transition. Theoretical 
calculations based on a value of n=10. 



t 


1990 



Cessna Forebody Configuration 
Typical Inviscid Grid 


The linear stability of the fully three-dimensional boundary-layer formed over a general aviation fuselage 
at 0° incidence is investigated. The free stream velocity was taken as 279 Wsec and the free stream tempera- 
ture as Too — 472 R. The unit Reynolds number was 1.3 million. The location of the onset of transition 
was estimated using the N-factor method. The results are compared with existing experimental data [3] 
and indicate N- factors of 8.0 on the side of the fuselage and 3.0 near the top. Considerable crossflow ex- 
ists along the side of the (asymmetric) fuselage, which significantly alters the unstable modes present in 
the boundary layer. The value of 3.0 along the top may be due to surface waviness, as suggested in Ref 
[3], where stability calculations using the axisymmetric analog method were performed. 


Cessna forebody configuration. 
Typical inviscid grid. 
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Crossflow Reynolds Number Distribution 
for Cessna Fuselage 


N-factors computed using linear stability theory are compared with experimentally determined transition 
location as given in Vijgen [3]. The contours were obtained from a series of calculations originating along 
neutral curves (for specific frequencies) at successive circumferential locations. Results for the frequen- 
cies which first reach N=9 are plotted. These frequencies varies from 1000 Hz in regions of relatively 
high crossflow, to 1800 Hz in regions of relatively low crossflow. In addition, since the “envelope 
method” is used, the disturbances which are evaluated at each successive stream wise location represent 
the most unstable mode. Whether of not this corresponds to the evolution of an actual disturbance within a 
boundary layer is unknow. The experimental data points, at streamwise points corresponding to transition- 
al flow, are indicated on the figure. The detection of transition onset was determined through surface hot- 
film anemometry [3J. We also computed a maximum value of N=3.0 at the location of the upper 
experimental data point. This corresponded to a higher frequency than those which first resulted in N=9. 


Crossflow Reynolds number distribution 
for Cessna fuselage. 

Contours levels over 200 omitted. 
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Cessna Fuselage 
Contours of Constant N-Factors 
Re/ft=1 .3 million, 0° Incidence 


See discussion for previous slide. 


Cessna fuselage 

Re/ft=1 .3 million, angle of attack = 0° 
Contours of constant N-factors. 
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Crossflow Reynolds Number Distribution for Analytic Forebody 


The linear stability of the Mach 2.0 flow over an analytic forebody configuration [4] is investigated. In 
this case, both first mode and crossflow instabilities are present in the boundary layer. Crossflow 
Reynolds numbers reach values of over 1000. From the correlation presented earlier, at Mach 2.0, one 
would expect Re c /= 360 to represent an upper limit for possible laminar flow. N- factor calculations reveal 
that along the upper portion of the body, the transition process is likely to be crossflow dominated, since 
N reaches values of 10 when the crossflow Reynolds number reaches approximately 350. (Note that traces 
shown in any of the remaining figures represent disturbance trajectories which begin at N=1 and ter- 
minate at N=10.) Over the lower portion of the body, the value of the crossflow Reynolds number is in the 
range of 50-150 at the location where N=10. In this location we conclude that the most amplified distur- 
bances reveal characteristics intermediate between crossflow and first mode instabilities. 


Crossflow Reynolds number distribution for Analytic 
Forebody. Contour levels above 1 ,000 omitted. 


Crossflow Reynolds No. 


Analytic Forebody 
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N-Factor Calculations for Analytic Forebody 


See discussion for previous slide. 


N-factor calculations for Analytic Forebody 
Mach 2.0, Altitude=40,000 ft. 
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N-Factor Calculations for Swept Leading Edge Model for use in 
LARC Mach 3.5 Quiet Tunnel 


Stability calculations for the flow over a highly swept leading edge model to be used for transition studies 
in the NASA Langley Mach 3.5 Low-disturbance Pilot Tunnel have been performed. The model is a repre 
sentation of the leading edge of a laminar flow control wing for the F16-XL aircraft [5], The traces shown 
in the figure represent disturbances of 40,000 Hz, and the wave angles and wavelengths (not shown) indi- 
cate the disturbances are primary of the crossflow type. Additional calculations perfomed for stationary 
disturbances resulted in maximum values of N = 6 at the end of the body. 


N-factor calculations for swept leading edge model 
to be utilized for transition studies in LARC Mach 
3.5 Quiet Tunnel. 
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N-Factor Calculations for Laminar Flow Control Glove on F16XL Aircraft 


Linear stability/N- factor calculations for the laminar flow glove region for the F16XL fighter aircraft, 
both with and without boundary-layer suction, have been performed. The results indicate that suction has 
a stabilizing influence on the boundary layer. The Mach number was 1.6, which indicates an upper limit 
on the crossflow Reynolds number of = 300. Contours of constant Re c /= 300 correlate very well with 
values of N=10 from linear stability theory. To completely laminarize the glove region, surface contour- 
ing and/or additional suction will be required. 


N-factor calculations for laminar flow control glove 
on F16-XL aircraft. 
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Summary/Conclusions 

a Completed stability calculations for 
Low Speed: 

Ellipsoid at incidence 
General aviation fuselage 
High Speed: 

Analytic forebody 

Leading edge configuration 

F16XL laminar flow control glove area 

« Linear stability theory/e w method offers a viable means 
towards estimating the location of the onset of transition over 
a wide speed range for both swept-wing and fuselage-type 
configurations. 

» Effects of disturbance fields, surface roughness/waviness, 
etc. not accounted for but may be important (i.e. low value of 
N on top of Cessna fuselage). 

a For high-speed flows, compressibility corrections allow for the 
use of a crossflow Reynolds number criterion in establishing 
an upper limit for laminar flow. 
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HLFC on HSCT 

Past Boeing/NASA LaRC Studies 
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HLFC Application to HSCT 
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CRUISE HLFC/LOW SPEED BLC COMPATIBILITY 
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Hence the added cost of the HLFC system is partly offset by a simpler high-lift flap system. 



Cruise HLFC/Low-Speed High-Lift BLC 
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IMPACT OF M 0.9 HLFC AND HIGH LIFT BLC 
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SUPERSONIC HLFC DEVELOPMENT PLANNING 
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AERODYNAMIC TECHNOLOGY 
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Aerodynamic Technology 
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LAMINAR FLOW/HIGH - LIFT INTEGRATION 
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INTEGRATED SCHEDULE-HLFC/HIGH-LIFT EXPERIMENT 
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Integrated Schedule, 
HLFC/High-Lift Experiment 
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